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CHAPTEE 1 
GENEI^AL 
INTI^€DIJCTI€N 
1.1. ANALYTICAL CHEMISTRY 
Analytical chemistry has extensive application in the analysis of organic and 
inorganic compounds, pharmaceuticals, bio-chemicals, bo(fy fluids, polluted water, food 
and many otter areas. With the global awareness in health hazards and environmental 
pollution, analytical chemistry has played key role to unveil its causes. Modem 
sophisticated computerized instrumental techniques makes possible to elucidate the 
microstructure of molecular species and thereby the reaction mechanics taking place onto 
the species, studies of rare and artificial radioactive elements and to obtain substances in 
the highest state of purity. This branch usually begins by placing chemical analysis in the 
broader prospective of chemical science, describing different type of analysis e.g. 
qualitative (deals with finding what constituent or constituents are in analytical sample) 
and quantitative (deals with the determination of how much of given substance is in the 
sample) on macro to micro level and can also be applied to the routine analysis. Chemical 
analysis is an important part of many of most exciting scientific projects being carried out 
throughout the world, because on this basis we are able to know regarding the properties 
of materials of our interest. Several methods in chemical analysis according to the type of 
process used to perform the analysis are given in Figure 1.1. 
_r 
Chemical analysis 
z = i — I 
'Wet" methods 
T T 
Classical 
gravimetric 
analysis 
X Classical 
volumetric 
analysis 
Optical 
methods 
~^ 
Instrumental methods 
I T X 
Separation 
methods 
1 
Electroanlytical 
methods 
Figure 1.1 The major categories of chemical analysis. 
The major areas in v^ch chemical analysis plays an important role are: 
a) Chemical analysis of air and water is required to identify and quantitate the 
pollutants, which is a necessary step in determining safe levels of pollutants. 
b) Medicine relies heavily on chemical analysis to diagnose illness properly and to 
monitor the progress of patients. 
c) Chemical analysis of soil and plants is used to determine the nutrients, which 
must be added to the soil to increase productivity. 
1 
d) Chemical analysis to indicate the quality of its products and to help developing 
new sources and new fonns of energy. 
e) The entire chemical industry uses chemical analysis as a method of checking on 
and ensuring the quality of many synthetic products, which we rely upon to 
make life more comfortable and enjoyable. 
So it is clear that analytical chemistry is an exciting field with a distinguish history and 
a bright future. 
1.2. SEPARATION METHODS AND CHROMATOGRAPHIC 
TECHNIOUES 
It is of primary concern for an analytical chemist to separate different 
constituents of a sample prior to chemical analysis. Besides the classical separation 
methods such as fractional distillation, extraction, filtration, selective precipitation, 
osmosis, reverse osmosis, crystallization, dialysis, diffusion etc. which involves long 
and complicated operation (consequently are not classified as instrumental methods), 
chromatography and especially ion exchange chromatography (one of the instrumental 
separation methods) have been emerged as a most useful and versatile analytical 
technique. They have played a significant role in identification, separation and 
quantitative determination of ionic and non-ionic species and purification of chemical 
compounds. 
The resolution of mixtures into their components is important in all brunches of 
chemistry and no less so in the many other fields where chemical techniques are 
employed in solving a wide variety of problems. In this cormection, the significance of 
chromatography can scarcely be overstated. Utilizing chromatographic methods, 
separation in many cases are accomplished much more rs^idly and effectively than 
before, and many separations which would never have been attempted by other 
techniques are routinely successful. Although the term 'chromatography' is derived 
from Greek words meaning 'color' and 'write', the color of the compounds is obviously 
incidental to the separation process. The historical development of chromatography 
technique has followed a winding path. Hence, it would be difficult to give due credit to 
many others contribution to this field. 
To mention. Days experiments flj were indeed successful when he passed a crude 
oil through a layer of finely pulverized fuller's earth. The first fi-action was very similar to 
h i ^ petroleum fi^action obtained by distillation. Heavier oils followed and then petroleum 
jelly. The term 'chromatography' is attributed to Michael Twsett, a Russian botanist who 
in 1906 first described the separation of colored leaf pigments using Calcium Carbonate 
powder as adsorbent in a column. About 25 years elapsed before Kuhn, Wlnierstein and 
Lederer [2] virtually rediscovered the method. Techniques such as displacement 
develofMnent, frontal analysis and elution chromatography were later developed by 
Ttsellus and others [3J. In 1941, Martin and S^nge made their historical discovery of 
liquid-liquid partitionl;hr6matography [4). Aflter a period often years, Martin and James 
demonstrated a new analytical technique called Gas-liquid chromatography [5]. In 1951, 
Krichner [6J has introduced thin layer chromatography. 
By definition, chromatography is a technique in which flow of solvent or gas 
promotes the separation of a mixture into its components by differential migration from a 
narrow initial zone in a porous sorptive medium. Kenleman's [7] definition serves as well 
as any: "Chromatography is a physical method of separation, in which the components to 
be separated are distributed between two phases, one of these phases constituting a 
stationary bed of large surface area, the other being a fluid that percolates through or 
along the stationary bed." The stationary phase may be either a solid or a liquid, and the 
moving phase may be either a liquid or a gas. 
Even though chromatography is a imiversal technique but can be classified on 
the basis of the type of equilibration process involved which is governed by the type of 
stationary phase. Various bases of equilibration are: sorption (sorption 
chromatography), distribution (partition chromatography), ion exchange (ion exchange 
chromatography) and penetration (size exclusion chromatography) etc. 
In sorption chromatography, the stationary phase is a solid on which the 
sample components are adsorbed. Depending on the type of mobile phase it can further 
be divided into liquid-solid chromatography {LSQ and gas-solid chromatography 
{GSQ or gas chromatography {GQ where the mobile phase is liquid and gas 
respectively. Thin layer chromatography (TLQ is a type of liquid-solid 
chromatography in which stationary phase is a solid, supported on an inert plate in 
plane. The sample components distribute between two phases through a combination of 
sorption and desorption processes. 
The stationary phase of partition chromatography is a liquid supported on an 
inert solid. Again the mobile phase may be a liquid {liquid-liquid partition 
chromatography, LLC) or a gas {gas-liquid chromatography, GLC). The subdivisions of 
liquid-liquid chromatography are column chromatography in which the liquid held 
stationary by inert solid in column and paper chromatography when it is on sheets of 
paper. Electrophoresis, in which an electrical gradient is applied across the sheet to 
cause molecules to migrate according to the sign and magnitude of their charge, is an 
advanced form of chromatography. 
Liqaid chromatography (LC) refers to the chromatography technique in which 
mobile phase is liqui4 such as liquid-solid sorption chromatography {LSC) and column 
chromatography. This has been extensively used for the fractionation and separation of 
organic mixtwes both preparative and analytical purposes. Since the day of its 
discovery, advances in theoretical interpretation, modernization of the technique and 
diversified application continued to rise. 
One of the major attributes of LC over gas chromatography arises from the 
participation of the mobile phase in the equilibrium distribution of elute molecules. Ion 
pair formation between the elute molecules and oppositely charged counter ions is 
assumed to enhance the retention of compound. Because anionic, cationic and zwitter 
ionic molecules can undergo ion-pair formation with appropriate counter ionic reagents 
- the use of ion pairing reagents has expanded the scope of ion-pair chromatography. 
This method permits the rapid, selective separation ionizable molecules, drugs, biogenic 
amines, dyestufFs etc. and amenable to both micro analytical and preparative use [8,9]. 
Although classical open column LC is still a widely used technique, modem 
high performance liquid chromatography {HPLQ has become the standard technique 
for column separation because of its increased speed, resolution, sensitivity and 
convenience for quantitative analysis. There is no difference in the basic mechanism 
involved; only the ^^paratus employed and the practice of the technique are different. 
The versatility of the technique has led the publication of numerous books and review 
articles dealing with its theory, instrumentation application [10,11]- A major advantage 
ofHPLC over other chromatographic techniques is it s ability to analyze non-volatile, 
ionic, thermally labile and even biologically active compounds rapidly. It has been 
especially useful in the separation of drugs and their metabolites and in the analysis of 
such normal constituents of cells as steroid nucleotides [12-14J. Finally mass 
spectrometer and stopped flow UV scanning technique online with HFLC have been 
applied in identification of peaks in complex biological mixture to eliminate the errors 
of post chromatographic sample handling [15]. 
Ion exchange chromatography, a powerful tool for chemical separations, was 
the first of the various liquid chromatography methods to be used under modem LC 
conditions. The wide scope of this technique is the product of the labors of many 
people. It has grown in response to practical needs. Columns of ion exchanging 
materials have been extensively used for the separation of amino acids, inorganic ions 
(especially rare earths), multi-components of alloys, heavy metals in industrial effluent 
and fission products of radioactive elements [16,17]; as well as organic ions and organic 
compounds that are not ionized at all. Ion exchange chromatography uses an ion-
exchange material as stationary phase and in size exclusion chromatography separation 
takes place as a function of the size of the porous media, used as stationary phase. These 
are actually arbitrary classification of chromatography and some types of 
chromatography are considered together as a separate technique. 
13. ION-EXCHANGE PHENOMENON & ITS fflSTORICAL 
BACKGROUND 
Ion exchange phenomenon has a long and interesting history. Many million 
years ago it had occurred in various sections of the globe. For example some ions like 
potassium and lithium of patalite of pegmatite veins had been replaced with rubidium 
and cesium ions of step wisely fluid from the maga. This is nothing but ion exchange 
phenomenon between minerals like patalite (solid phase) and fused salt fluid (liquid 
phase) [18]. It is well known that ion exchange has been playing very important roles 
during the course of weathering; aqueous rocks, clay rocks and soils being very 
effective ion exchangers. Since life had been created in the sea, ion exchange through 
bio-membranes between living organs and outside matters has been giving the essential 
motive forces to life and its evolution. In Egypt and Greece as well as in China, ancient 
people were clever enough to use some soils, sands, natural zeolites and plants as the 
tools for improving the quality of drinking water by way of desalting or softening. 
However, they were not aware of the actual phenomenon occurring in the process. 
Basically, ion exchange is a process of nature occurring throughout the ages before the 
dawn of civilization, has been embraced by analytical chemists to make use of difficuh 
separation easier and possible. 
Francis Bacon in 1623 brought the intentional use of ion exchange, without 
knowlec^e of its theoretical nature, based purely on empirical experiences and he 
described a method for removing salts from seawater. At the end of 18th century, 
Lowitz purified sugar beet juice by passing it through charcoal. De Saussure drew the 
first qualitative conclusions at the begiiming of 19th century. The first half of the 19th 
century was characterized by the appearance of the first information leading to the 
discovery of the ion exchange principle, based primarily on the work of soil chemists. 
Gazzuri {in 1819) found that soil and, especially clay retain dissolved fertilizer particles. 
Sprengel in 1826 stated that humus frees certain acids from soil. Thompson, Spence 
and Way in 1850 described independently that calcium and magnesium ions of certain 
types of soils could be exchanged for potassium and ammonium ions [19,20]. They 
defmed the special properties of soil as 'base exchange'. In the second half of the 19th 
century, agro chemists published a great number of papers dealing with ion exchange in 
soils. Eichhom (in 1858) demonstrated exchange processes are reversible in soils [21). 
In 1859, Boedecker proposed an empirical equation describing the establishment of 
equilibrium on inorganic ion-exchange sorbents. In the 20th century, the majority 
chemists believed that the 'base exchange' in soils is nothing but a sort of absorption. 
Strong supports to ion exchange come out with the synthesis of materials from clay, 
sand and sodium carbonate by Gans [22]. 
The discovery and development of the theory of ion exchange was reflected in 
practical applications. The aluminum based synthetic zeolites was first prepared in 1903 
by Harm and Rumpler to purify beet syrup [23]. Cvet, who developed the methods and 
theoretical basis of adsorption chromatographic analysis in 1906. Gans [221 developed 
the basis for the synthesis and technical application of inorganic cation exchangers at 
the beginning of the 20th century. He termed the amorphous cation exchangers based on 
aluminosilicate gels "permutites", having broad application, were actually the first 
commercially available ion exchangers. In 1917, Folin and Bell developed an analytical 
method based on these materials for the separation and collection of ammonia in urine 
[24]. However, the usefulness of these synthetic zeolites was limited because of their 
low chemical and mechanical stability, ion exchange capacity that led the chemists to 
seek alternatives. During the period between the 1930s and 1940s, inorganic ion-
exchange sorbents were replaced in almost all fields by the new organic ion-exchangers. 
The observation of Adam and Holms [25] that the crushed phonograph records exhibit 
ion exchange properties, eventually resulted in the development of synthetic ion 
exchange resins (high molecular weight organic polymers containing a large number of 
ionic functional groups) in 1935. 
Just as applications of the organic resins are limited by breakdowii in aqueous 
systems at high temperatures and in presence of high ionizing radiation doses; for these 
reasons there had been a resurgence of interest in inorganic exchangers in the 1950s. 
One of the possible ways of solving these problems involved replacing the organic 
skeleton of the ion-exchanger by an inorganic skeleton. Pioneering work was carried 
out in this field by the research team at the Oak Ridge National University led by Kraus, 
and by the English team led by Amphlett. Potentially suitable ion-exchange sorbents 
that were studied included not only the oxides, hydrated oxides and insoluble salts of 
polyvalent elements, but also the salts of heteropolyacids, hexacyanoferrates, 
alimiinosilicates and zeolites. 
Further extensive research and study of inorganic ion-exchange sorbents were 
carried out in the 1960s and 1980s. Research led from the original amorphous type of 
ion-exchange sorbents to the study of crystalline ion-exchange materials. Great 
contributions were made in this area by Clearfield and co-workers. In the last two 
decades, intense research has continued on the synthesis of a number of new 'organic-
inorganic' composite materials that have excellent properties. Interest in the industrial 
use of inorganic and especially these composite ion-exchange sorbents has also 
increased. 
From a contemporary point of view, the development of ion exchangers and 
sorbents can be divided into several periods: 
> Up to 1850, i.e. the period of the first experimental observations and 
inJFormation. The principle of ion exchange had not yet been discovered. 
> The period from 1850 to 1905, characterized by discovery of the principle of ion 
exchange and the first experiments in the technical utilization of ion exchangers. 
> The period from 1905 to 1935, characterized by the use of inorganic ion-
exchange 
sorbents and modified natural organic materials. 
> The period of artificial organic ion exchangers (1935 to 1940), characterized by 
rapid development of these materials. Inorganic ion-exchange sorbents were 
almost completely eliminated fi-om all applications. 
> The period from the mid-1940s to the present, characterized both by the 
continued development of artificial organic ion exchangers and by a renaissance 
in inorganic ion-exchange sorbents and their practical application. 
> Recently, the latest development in this discipline has been carried out with the 
conversion of inorganic ion-exchange materials into composite (hybrid) ion-
exchangers by incorporating organic polymers. 
1.4. ION-EXCHANGE PROCESSES AND ITS MECHANISM 
The ion exchange process became established as a tool in laboratory and in 
industry, as it was studied chiefly by practical chemists interested in effects and 
performance etc. The primary condition of an ion-exchange process is the 
stoichiometiy. In organic resins, it is an established fact 126]. The exchange of ion takes 
place stoichiometrically, really by the effective exchange of ions between two 
inuniscible phases, stationary and mobile. A typical ion exchange reaction may be 
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represented as follows: 
^ + B(aq) ,,_•••,':::£ BX + A(aq) 
where A and B (taking part in ion exchange) are the co-ions and counter ions 
respectively, and X is the structural unit of the ion exchanger. Bar indicates the 
exchanger phase and (aq) represents the aqueous phase. Ion exchange processes apart 
from special case are reversible, i.e.; suitable changing the concentration of ions in the 
solution can reverse them. They are in many respects analogous to adsorption processes 
but they are not the same. Inorganic ion-exchangers show an adsorption phenomenon 
(adsorbent takes up dissolved substances without releasing others into solution) in 
addition to the normal ion-exchange process on their surface because of the inorganic 
nature of the matrix. However, the two processes caimot be entirely separated in 
practice and they may be accompanied each other. Using two methods can carry out ion 
exchange process: batch method and column method. But the dynamic ion exchange 
separation is carried out by the column method. The ion exchange column 
chromatography is the best for the separation of metal ions. If a mixture of two or more 
different cations (A & B) is passed through the ion exchange colunm and the quantities 
of ions are small as compared with the total capacity of the column for ions, then it may 
possible to recover the adsorbed ions separately and consecutively but using a suitable 
regenerating (or eluting) solution. 
In order to describe equilibria and to understand the mechanism of an ion 
exchange process occurring on the surface of exchanger and to evaluate its theoretical 
behavior, it is important to have a study of its kinetics and thermodynamics. Since 
inorganic ion exchangers possess a rigid matrix they do not swell appreciably and hence 
such studies are simpler to perform on them as compared to the organic resins that swell 
appreciably. An ion exchange equilibrium may be described by two theoretical 
approaches viz. (i) Based on law of mass action, and (ii) Based on Donnan theory. 
From the theoretical point of view the Donnan theory has an advantage of 
permitting a more elegant interpretation of thermodynamic behavior in an ion 
exchanger. Probably, the first time, quantitative formation of ion-exchange equilibria 
was made by Gone [27] using the mass action law in its simplest form without 
involving the concept of activity coefficients. This concept was further accounted by 
Kielland [28] and finally, a suitable choice of general treatment was given by Gaines 
and Thomas [29]. Many workers have studied the thermodynamics of cation exchange 
on zirconium (iv) phosfdiate [30-33]. In a series of papers, the effect of crystallinity on 
the thermodynamics of ion exchange of alkali metal ions/H^ ions on the samples of a -
zirconium phosphate was examined. Ion-exchange isotherms and calorimetric heats of 
exchange were determined on samples varying from amorphous to highly crystalline 
[34-38]. 
However, from the practical point of view, the mass action approach is simpler. 
NancoUas and coworkers [39,40] have interpreted the thermodynamical frmctions in 
term of the binding nature between alkali metals and the ion exchange matrix. The ion 
exchange equilibria of Li(I), Na(I) and K(I) on zirconium (IV) phosphate have also been 
studied by Larsen and Vissers [41] who calculated the equilibrium constants and other 
thermodynamical parameters viz. AG°, AH^  and AS*'. Similar studies have been made on 
anion exchanger also [42]. Ion-exchange equilibria of alkaline earth metal ions on 
different inorganic ion-exchangers such as tantalum arsenate [43], iron (III) antimonate 
[44], antimony (V) silicate [45,46], zirconium (IV) phosphosilicate [47,48] and alkali 
metal ions on iron (III) antimonate [49] and a -cerium phosphate [50]. Other interesting 
thermodynamic studies relate to the adsorption of pesticides on inorganic and composite 
ion-exchangers have also been studied in these laboratories [51,52]. The study has 
revealed that the adsorption is higher at lower temperature and tiie presence of an ion-
exchange material in soil greatly enhances its adsorption capability for the pesticides. 
Nachod and Wood [53] have made the first and detailed attempt on kinetic 
studies of ion exchange. They have studied the reaction rate with which ions from 
solutions are removed by a solid ion exchangers or conversely the rate with which the 
exchangeable ions are released from the exchanger. Later on Boyd et oL [54] have 
studied the kinetics of metal ions upon the resin beads and have given a clear 
understanding about the particle and film difiusion phenomenon that govern the ion 
exchange processes. The former is valid at higher concentrations while the later at lower 
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concentrations. The kinetic of metal ions on sulphonated polystyrene has been studied 
by Reichenberg [55] who again confirmed that at high concentrations the rate is 
independent of the ingoing ion (particle diffusion); while at low concentrations the 
reverse is true (film diffusion). 
1.5. ION-EXCHANGE MATERIALS 
The ultimate aim of an analytical chemist in the synthesis of any material is to 
explore its analytical applications. There are some types of materials known as ion 
exchangers that have proved various useful applications in this aspect. They are 
extensively used for the separation and preconcentration of analytes, essential for 
accurately and precisely trace determination of elements of samples. In general, one can 
say that whichever pair of the element one chooses from the periodic system (except the 
inert gases) they can be separated by using ion exchangers. Not only control the 
laboratories of atomic power stations but also many diflFerent industrial laboratories are 
now unimaginable without the use of ion exchangers. These materials are particularly 
important in rapid technical analyses. Classical methods of analysis are characterized by 
long and complicated separation operations (precipitation, filtration etc.), but using ion 
exchangers separation can be carried out with a smaller amount of sample within a 
shorter time and the components can be subsequentiy determined using rapid 
instrumental or titrimetric methods. The present large and year by year increasing 
literature on ion exchangers shows the great importance of these substances. 
Furthermore, not only the fields of application increasing, but the new ion exchange 
materials afford new opportunities for both chemists and analysts. 
Many natural and synthetic substances are capable of ion exchange. For 
technical purpose, however only those substances that have adequate mechanical and 
chemical properties are suitable. These materials may be broadly classified as 'organic 
ion-exchai^ers* or 'inorganic ion-exchangers' depending on the nature of matrix of 
which it is made up. These materials are usually insoluble solid substances (large 
molecular polyelectrolytes) having porous structure, which can take up ions of positive 
or negative charge from an electrolyte solution and release other ions of like charge into 
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the solution in an equivalent amount. According to the charge of the exchangeable ions 
the material may be either a *cation exchanger' (consists of a matrix carrying a 
negative diarge) or an 'anion exchanger' (consists of a matrix carrying a positive 
charge). The ions opposite to the charge of the matrix are called counter ions. A 
material capable of exdumgjng both the cations and anions are termed as 'amphoteric 
ion exchangera'. Some liquid ion exchangers are also known. 
The real utility of an ion-exchanger depends largely on its ion-exchange 
characteristics. Ion-exchange capacity, concentration and elution behavior, pH-
titrations, and distribution behavior are some of the (HX)perties that constitute the ion-
exchange characteristics of a material. The ion-exchange capacity depends upon two 
factors: (1) hydrated ionic radii and (2) selectivity. As the hydrated ionic radius 
increases, the ion-exchange ci^)acity decreases because the exchange now becomes 
more difficult. The selectivity of an ion exchanger is affected by the nature of its 
functional group and by the degree of its cross-linking. Ion exchangers containing 
groups that are capable of complex formation with some particular ion will adsoib these 
ions more strongly. If the degree of cross-linking increases the exchanger becomes 
more selective in its behavior towards ions of different sizes. An increase in cross-
linking also decreases the swelling of the exchanger. The elution of H^ ions from a 
column depends on the concentration of the eluant An optimum concentration of the 
eluant necessary for a maximum elution of H^-ions depends upon the nature of the 
ionogenic groups present in the exchanger, which in turn, depends upon the pKa values 
of the acids used in its jHeparation. The efficienqr of an ion exchanger depends on the 
following fundamental properties of the materials: 
Q Equivaloice of exchange. 
Q Selectivity or affinity prefereiKes of the exchanger for one ion relative to 
another, including cases in which the differing affinities tiie ions are modified by 
the use of complexing or chelating agents. 
Q I>onnan exclusion - the ability of the resin to exclude ions but not the 
undissociated substances, in general. 
a Screening effect - the inability of veiy large ions or polymers to be adsorbed to 
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an ai^veciable extent 
a Differences in migration rate of adsorbent substances down a column - primarily 
a reflection of differences in affinity. 
a Ionic m(^ility restricted to the exchangeable ions and counter ions only. 
Q Miscellaneous - swelling, surface area and other mechanical properties. 
The stability of the ion-exchangers is affected by their synthesis. The ion-
exchange stability becomes especially evident in change of the volume exchange 
capacity, the loss in ionogenic groups, swelling changes, in the formation of new groups 
(especially weakly acidic) or in the destruction of the resin skeleton to various degrees. 
Chemical stability of synthetic ion-exchangers plays an important role in their analytical 
applications. Organic ion-exchangers are usually stable in a wide pH range, while 
inorganic materials differ widely in this respect. The insoluble salts of polyvalent metals 
are highly stable even in very concentrated acids. The thermal stability of ion-
exchangers depends on the type of resin skeleton, its degree of cross-linking, and the 
type of ionogenic group and their counter ions. The polymer materials of organic resins 
break down at elevated temperatures, with a concomitant decrease in their exchange 
capacity. In contrast, inorganic sorbents are very stable at elevated temperatures. Due to 
the swelling ability of the ion-exchangers there is no substantial difference between the 
degradation of a dry or swollen soibent It is generally believed that inorganic ion-
exchangers are resistant to radiation. Organic resins are very sensitive to exposure to 
high radiation doses, which cause significant changes in their capacity and selectivity. 
Organic ion-exchangers are highly mechanically stable and can be prepared with 
defined grain size, are resistant to abrasion, and are thus useful for use in packed 
columns. In contrast, inorganic ion-exchange sorbents exhibit poor hydrodynamic 
properties and are difiicult to prepare in the form of particles with an acceptable 
particle-size distribution. 
1^.1. ORGANIC ION-EXCHANGE MATERIALS 
Organic ion exchangers, commonly known as ion exchange resins, are the most 
important class of ion exchangers have dominated the field because of their uniformity. 
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chemical stability and ability to control resin properties by synthetic procedures. They 
are typical gels. Their framework, the so-called matrix consists of an irregular, 
macromolecular, 3-dimensional network of hydrocarbon chains. The matrix carries the 
ionic groups such as 
- SO3", - COO", - PO3 \ -AsOj ^' 
in cation exchan^rs, and 
in anion exchai^rs. Ion exchange resins thus are crosslinked polyelectrolytes. The 
matrix of the resins is hydrophobic. However, the matrix is elastic and can be expanded. 
Hence the resins can swell by taking up solvent. An ion exchange resin particle is one 
single macromolecule. The framework of the resins, in contrast to that of the zeolites, is 
a flexible random network (Figure 1.2). 
Z~/^ Matrix with fixed chorges 
Q y Counter ions 
Q Co-ions 
Figure 1.2 Schematic structure of an ion-exchange 
resm. 
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IJS2. INORGANIC ION-EXCHANGE MATERIALS 
The tenn 'inorganic ion-exchangers' is used in the title of monograph Ity 
Am[dilett, ^lich describes the rapid development of these materials and their 
applications in tiie 1950s and 1960s. The advent of nuclear technology initiated a search 
for ion exchange materials that would remain stable above ISOV and in h i ^ radiation 
fields. Inorganic ion exchangers possess these fH-operties retaining their lEC and 
selectevities. They exhibit higher selectivities and separation factors than their organic 
counterparts and hence have good applications in the treatment of industrial and 
radioactive wastes, and possessing of radioisotopes in nuclear technology. Further 
researches have shown that they have applications in the detection and separation of 
metal ions undo* ordinary conditions also. They have heca found useful in the 
preparation of ion selective electrodes and as packing materials in ion chromatography. 
Analysis of rocks, minerals, alloys and pharmaceutical |xoducts have also been made 
using these materials. Zirconium phosphate has been reported to be useful as adsorbent 
in the portable artificial kidney devices [56]. 
On the basis of chemical characteristics of inorganic ion exchangers are 
classified as follows: 
• Hydrous Oxides 
• Acidic salts of multivalent metals 
• Salts of heteropolyacids 
• Insoluble ferrocyanides 
* Aluminosilicates 
Hydrous oxides are of particular interest because most of them can function 
both cation and anion exchangers, and at certain conditions, as amf^teric exchangers. 
Their dissociation may be schematically represented as follows: 
M-OH ^g^-—-•^Nf + OH" 1.1 
M-OH sc:—-^=^ M - O " + I f 1.2 
(M represents the central atom) 
Scheme *l.r is fevored by acid conditions when the substance can function as anion 
exchanger, and scheme '1.2' by alkaline conditions, when the substance can function as 
cation exchanger. Near the isoelectric point [57], dissociation according to both 
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schemes can take {dace and both type of exchange may occur simultaneously. The 
hydrous oxides may be divided into two main types termed particle hydrates and 
framework hydrates [58]. Particle hydrates are both cation and anion exchangers. Most 
of the group 3,4,13, and 14 metals form hydrous oxides that belong to this group. 
Framework hydrates are generally formed by metals in groups 5 and 15 in their higher 
oxidation states. The pyrochlore nature (Figure 13) of crystalline hydrous antimony 
(V) oxide exchanger was revealed by powder X-ray dif&action which was established 
the composition as (H30)2Sb206 .XH2O [58]. Layered double hydroxides (LDHs) 
(Figure 1.4) constitute an interesting and extensive class of layered compounds [59]. 
An excellent review on LDHs has been published by deRoy et oL [60]. 
Addic sabs of multivalent metals form by mixing the solutions of the salts of 
m and IV group elements of the periodic table with the more acidic salts. These salts, 
acting generally as cation exchangers, are gel like or microcrystalline materials and 
possess mostiy a high chemical, thermal and radiation stability. 
Salts ofheteropofyacids have a general formula H„,X.Yi204o. nH20, where m = 
3,4 or 5, X can be [rfiosphorous, arsenic, silicon, germanium or boron and Y, one of the 
elements such as molybdenum, tungsten or vanadium. The salts of heteropolyacids with 
small cations are more soluble in comparison to the salts with large cations. Their 
hydrolytic degradation occurs in strongly alkaline solutions. 
Insoluble fenwyatudes can be precipitated by mixing the metal salt solutions 
with H4[Fe(CN)6 ], Na4[Fe(CN)6], or K4[Fe(CN)6] solutions. The composition of such 
precipitates may depend on the acidity, order of mixing and the initial ratio of the 
reacting components. They are chemically stable in acid solutions up to a concentration 
of 2M. Cu and Co ferrocyanides have been found to be radiation resistant. They have 
found various implications in aiudytical chemistry and in technological practice because 
of their highly selective ion exchange behavior and chemical and mechanical stability. 
Amongst these the aUimnosUicates, both natural and synthetic are suitable for 
technical purposes. These have been divided into three main groups: amorphous 
substances, two-dimensional layered alununosilicates as synthetic analogues of clay 
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Figure 13 Schematic diagram of the pyrochlore frameworic formed by antimonic acid, 
(HjO*)2Sb206, showing the formation of a hexagonal shaped tunnel. Exchangeable 
H3O* ions reside within the tunnels. 
LDHs 
OH 
M(II),M(III) 
OH 
A",nHjO 
B. 
OH 
M(II),M(III) 
OH 
General Formula: (M'*),(^A'*)(OH)^,,„(A")(„„;yHp 
<'igure 1.4 Schematic representation of a layered double hydroxide. (A) Top view of brucite 
layer. (B) Side view showing anions between the brucite like layers. 
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minerals and three dimensional structures arising from a frame work of [SiC)4]^ " and 
[A104] '^ (zeolites). Zeolites are naturally occurring cation exchangers. The general 
formula of chemical composition of zeolites is MXM[(A1 02)X (Si 02)yl. ZH2O, where M 
is a metal cation with a valence n, and y, x usually varies from 1 to 5. Synthetic 
aluminosilicates having a porous cross linked structure are analogous to their natural 
counter parts and hence can be classified as faujasite, mordenite, heulendite, chabazite, 
analcite, natrolite and j^illipsite like zeolites and other zeolites. The chemical formula 
of chabazite is (Ca Na2XSi2A106)2 .6H2O and its structure is shown schematically in 
Figure 1.5. Calcium sodium ions in the pores or lattice channels between the lattices are 
exchangeable for other equally charged ions of similar size. Other natural substances 
having ion exchange properties are glaunites. Thus, appetite is an anion exchanger. 
Synthetic silica based ion exchangers were produced for technical purpose by fusing 
soda, potassium carbonate, feldspar and kaolinite (Schmaltz pennutite) and later from 
aluminum sulfate solution containing sodium silicate by precipitation with sodium 
hydroxide solution (Gel pennutite). Since then artificial crystalline zeolites have also 
been successfully synthesized. The advantageous properties of the crystalline silicate 
-Ca.Na •-S;Ae o-O 
Figure 1.5 Crystal structure of chabazite, (CaNa2XSi2AI06)2.6H2O (schematic). 
based ion exchanger with the modem synthetic resin based ion exchangers are as 
follows: they are less sensitive to h i ^ r temperatures, their structure are stiff and 
uniform and they are therefore more selective and suitable for sernration of ions on the 
basis of their difSaent sizes. Because of this, some of than are now also used as ionic 
or molecular sieves. 
Literature Review on Inorganic lon-Exckange Materials: 
lYvNt is now enormous literature available to the ion-exchanger {vactitioner on 
the use of inorganic ion-exchangers. The literature review shows the materials, as 
inorganic ion exchangers have become an established class of materials of great 
analytical importance. These exchangers, excluding zeolites, whidh are already heavily 
used, will find more use in the twenty first century. Since last decades have seen a great 
upsurge in the researches of inorganic ion exchange materials, the main emphasis being 
given on the synthesis and characterization of chemically stable materials and 
reproducible in ion exchange behavior. Almost half a century of research on inorganic 
ion-exchange matoials and their great develofnnent in the 1960s and 1970s is naturally 
reflected in the number of monograi^ and reviews dealing with this subject. The first 
monogra{4i that is also of historical importance was written by one of tiie first research 
workers in the development of modem inorganic sorbents, C B, AmpUett in 1964 [61], 
and describes the begiiming of the ra{Hd developmoit of this subject Barter wrote an 
excellent monograph on contemporaiy zeolite and clay minerals. In the 1980s, the 
monograph of the CleaifieU et oL made a great contribution to the understanding of the 
structure and mechanism of sorption processes on the acidic salts of multivalent metals 
and hydrous oxides (62). The monograph by Nikolsky et at [63] describing the work of 
Soviet authors was published at about the same time. 
However, books and monograi^ necessarily provide a long-temi picture of the 
given field, vAale reviews give new information on the state of the art in a much shorter 
time interval. Important advances in this field have been reviewed by a number of 
workers at various stages of its developmem like An^Uett [61,64], Oeaifleld et aL 
[65^7], AbeetaL [68], Albert! et aL [69], Qureshi et aL [62,70,71], FuUer [73], 
Vesdy and Pekarek [74] and Varskney et aL [75-77]. Much of the older literature has 
19 
been summarized by Series in ref. [781. Dyer has dealt with the theories involved in the 
zeolite molecular sieves 17930] that have direct relevance to the principles underlying 
the inorganic ion exchangers. The synthesis applications of inorganic ion exchangers 
have been reviewed by Walton [81 J. Abe f82J has collected the literature on selectivities 
that allow a rational choice for a particular separation. Varshney and Khan have 
provided a particularly useful compilation on amorphous inorganic ion-exchangers in 
ref [781. 0"^ advantage of the amorphous exchangers is the ability to produce durable 
spheres or pellets for column use. Dozens of column and paper chromatography 
separations are recorded by them. 
Insoluble polybasic acid salts of polyvalent metals have shown a great promise 
in preparative reproducibility, ion exchange behaviour, and both chemical and 
behaviour. Many metals such as aluminium, antimony, bismuth, cerium, cobalt, iron, 
lead, niobium, tin, tantalum, titanium, thoriimi, tungsten, uranium and zirconium have 
been used for the preparation of ion exchange materials. Also a large number of anionic 
species such as phosphates, tungstate, molybdate, arsetmte, antimonate, silicate, 
telluride, ferrocynide, vanadate, arsenophosphate, arsenotungstate, arsenomolybdate, 
arsenosilicate, arsenovanadate, phosphotungstate, phosphomolybdate, phosphosilicate, 
phosphovanadate, molybdosilicate and vanadosilicate etc. have been used to prepare 
inorganic ion exchangers. The majority of carried out on zirconiiun, titanium, tin, 
niobium and tantalum. Table LI summarizes some important features of the different 
types of inorganic ion exchangers. The literature survey reveals that a good volume of 
work has been carried out on two components (salts of heteropolyacids or double salts) 
inorganic ion exchangers of both amorphous and crystalline nature. A comprehensive 
literature survey of two as well as three components synthetic inorganic ion exchangers 
based on Tin (IV) [179-224], Antimony (V) [111-128] and Thorium (IV) [256-265] as 
long with their selectivities are summarized in Table: 1.1. Khan et oL have published 
their findings on arsenophosphate [83], arsenosilicate [84] and hexacyanoferrate (II) 
[85] of Tin (IV) and, amine and silica based tin (iv) hexacyanoferrate (ii) [86,87] cation 
exchangers. Diflferent phases of these ion-exchangers have been found selective for K*, 
Cd , Zr and Th and some kinetic parameters for M^ -^H*exchangers have also been 
investigated on these cation exchangers [88,89]. 
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Y(ni). LadlO 
K\ Cs^  
PbGI) 
Cs(I),Rb(I).Li(I), 
Ka),Na(l) 
Cs(D.Na(I). 
Ag(I) 
Pb(II),Baai), 
Ag(D 
Refer-
ences 
11141 
(1191 
[1201 
11211 
11221 
{1231 
11241 
[1141 
[1251 
[1261 
[1261 
(1271 
[12«1 
[1291 
[130] 
[131-1351 
[1361 
s. 
No, 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
Material 
Cerium 
phosphate 
sulphate 
Ceric phosphate 
Cerium arsenate 
Cerium 
antimonite 
Cerium 
motybdate 
Cerium t^urite 
Cerium (IV) 
vanadate 
Cerium (IV) 
Phospho 
molybdate 
Hydrous cerium 
oxide 
Cerium tungstate 
Cerium phospho 
silicate 
Cerium sdenite 
Chromium 
phosphate 
Chromium 
tripolyptK>sphate 
Chronuum 
arsenate 
Chromium 
molybdate 
Chromium 
tungstate 
Chromium 
antimonate 
Chromium 
tellurate 
Nature 
Crystalline 
Granular 
Fibrous 
Micro-
crystalline 
Amon^ KMis 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
a 
Amorphous 
Glassy 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Composition 
Ce:P:S = 2:1:2 
Ce: P04''= 1.2 
As/Ce = 2.0 
Sh/Ce = 0.33 
Ce:P:Mo=l:2:l 
CeOz: HjO 
= 2.58 
Ce'^/WO*"' 
= 0.49 
Ce: Si:P=2:5:4 
Ce:Se=l : l 
1) Chromium t 
P/Cr = 0.6-1.0 
P/Cr=2.48 
P/Cr = 7.0 
As/Cr=1.98 
W/Cr=1.92 
Sb/Cr = 2.95 
Tc/Cr = 0.2 
Emperical 
formula 
CeiO(HP04)3.x(S04)x 
4H2O 
where o<x<l 
Ce(UAs04h 2H2O 
CeO2.2N2Oj.4H2O 
(Ce02)2(Si02), 
(HjP04)4 nHiO 
Htsed Exchangers 
Cr202.HP04 
Cr20(HP04)2 
Cr5(PjO,o)3. nH20 
HzCrOjOio. 15HjO 
Cr203(H,As04)4 
3H2O 
Cr203(H2Mo04)4 
8HjO 
CriOj (H2WO4). 
IIH2O 
Cr203.3Sb203. 22H2O 
Selectivity 
Na(I). Ag(I). 
Sr(n), Ca(n), 
Csa) 
^"»BI-''"Pb 
Li(I).Na(I).K(I). 
Csa) 
Hg(ID 
- " • • • — 
Cu(II) 
Hg(II), 
Ti(IV),Al(m) 
K(l),Na(I),Rb(I) 
Li(l), Csa) 
Ca(II). Sr(n), 
Ba(U) 
Cs(I),Rb(I), 
K(0. Na(I) 
Zr(lV), Hf(IV) 
Pb(n), Ca(n) 
Th(IV), mjiV) 
PbaiXCoCQ) 
Refer-
ences 
1137] 
(1381 
I139J 
1140] 
1141] 
[142] 
1143] 
[144] 
1145] 
1146] 
1147] 
[14«1 
1149] 
[150] 
1151] 
1150] 
[152] 
[153] 
[153] 
1153) 
[153,154] 
1155] 
s. 
No. 
49. 
50. 
51. 
Material 
Chronuum 
feiTocyanide 
Chromhun 
arseno 
|dx>sphate 
Chroiniuin(ni) 
arsenosilicate 
Nature 
Amorphous 
Amorphous 
Amorphous 
Compomtioii 
Cr/Fe = 0.66 
Cr:As:P=2:l:l 
Cr . As . Si 
Emperical 
formula 
K2Cr2[Fe(CN)6]3. 
I6H2O 
(Cr20j.H3As04. 
H3PO4). nHzO 
[ZCr^ Os. 2.5AS2O5. 
3Si02. nHjO] 
Selectivity 
Cu{n), Ag(i) 
K© 
K(I) 
Refer-
ences 
1156] 
1831 
11571 
(VII) CohaU based Exchangers 
52. 
53. 
Cobalt 
antimonate 
Cobalt 
fetrocyanide 
Amorphous 
Crystalline 
11581 
[1591 
(VIII) Iron based Exchangers 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
* 
Ferric pho^hate 
Ferric arsenate 
Ferric t u i ^ o 
phosphate 
Foric 
antimonate 
Ferric tungstate 
Ferric 
ferrocyanide 
Ferric (III) anti-
monosilicate 
Ferric Qll) 
sdenite 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
P/Fe = 2.0 
As/Fe=1.33 
Sb/Fe = 2.40 
W/Fe=1.0 
[FeFKHPO )^!. nHiO] Pb(II), Eu(III), 
Ga(UD 
Ka),Na(l), 
LiG) 
HgdO 
Cdai) 
CeOV) 
Cs(I) 
Pb(U) 
[M] 
[94j 
[1601 
[1611 
I162J 
[1631 
[164,1651 
[951 
(IX) Lead based exchangers 
61. 
62. 
63. 
64. 
Lead antimonite 
Lead tungstate 
Lead strontium 
Phosphate 
Lead 
hexacyanoferrate 
Amorphous 
Amorphous 
Amorphous 
[Pb,Fe(CN)6 .YH2O] 
Pb(II), Cd(n) [1661 
[1671 
[1681 
[1691 
(X) Magnesium based exchangers 
65. 
66. 
Magnesium 
phosphate 
Magnesium 
triplicate 
Amorphous 
Amorphous 
[Mg,(P04)2 .22H2OI [1701 
[1711 
(XI) Niobium based exchangers 
67. NiolMum 
antimonite 
Senu-
Crystalline 
Nb/Sb = 1.40 [Nb2Sb,0„(OH)3. 
2H2O 
Mn(n) [1721 
24 
s. 
No. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
84. 
Material 
Niobhun 
arsenate 
Phoqrfiate niobic 
acid 
Niobium 
molybdate 
Niobiuin 
phosphate 
Stannic 
phosphate 
Stannic tungsto 
pho^hate 
Stannic EDTA 
Stannic motybdo 
phosphate 
lln oxide 
(hydrated) 
Stannic arsoiate 
Stannic 
antimonate 
Stannic 
molybdate 
Stannic seienite 
Stannic tungstate 
Stannic vanadate 
Stannic vanado 
pyrophosfrfnte 
Stannic 
ferrocyanide 
Nature 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
*~— 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Micro-
aystalline 
Amorphous 
Composition 
Nb/As=1.96 
Nb/Mo = 0.93 
Emperical 
formula 
• 
HNbOPzOr. XHiO 
(XII) Tin based exchangers 
P:Sn=125-
1.50 
Sn : W : P 
2:1 : 3.2 
Sn: Mo :P 
1 :0.33 :2.0 
Sn/As=1.84 
Sh/Sn=1.0 
Sn/Mo=1.0 
Sn/Se=1.33 
Sn/Se= 1.0 
Sn/W=1.33 
SnA^=1.0 
Sn/Fe = 3.0 
Sn02. O.62P2O3. 
nHzO 
Sn02.P205. 2H2O 
" " • • ' • • • • 
SnOz AS2O5. 2H2O 
Sn02.Sb20j. nH20 
[(Sn04XOH)2(Se03)3. 
6H2O] 
[(Sn(OH)3V309. 
4H201. 
[(SnO),(OH)j. 
HFe(CN). 3H2OI, 
Selectivity 
Rare earth metals 
— 
La(ra) 
Naa)MI),Ka), 
Rba).Cs(I) 
Cu(II). Zn(II), 
Ni(II). Co(II) 
Zr(IV) 
• • • • " • " 
[FeCCN)*]^ 
[Fe(CN)6rSCN-
Pb(II).Fe(ni), 
Al(ni), Ga(ni). 
In(III) 
Li(I), Na(I). 
K(D 
CuOIXNiOl), 
Co(II) 
Pb(n) 
Li(0,Na(I).K(I). 
Cu(II). Fe(III), 
Sc(ni), LaffU) 
Co{II)3a(II), 
Ni(n).Pb(II). 
Mn(II),Cu(II), 
Srfll) 
K(D. Na(I).Li(I) 
Ag(I). Cuai). 
Pb(II), Bi(m), 
ZiflV) 
Ka).Ba(II). 
NaG) 
Refer-
ences 
1173,174] 
1175] 
1176] 
1177,178] 
1179] 
[180] 
(181,1821 
[183] 
[184] 
[185] 
[186] 
[187] 
[188] 
[189] 
[190,1911 
[192] 
[193] 
[194] 
[195] 
[196] 
[197] 
25 
s. 
No. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 
100. 
101. 
Material 
Stannic sQicate 
Stannic hexa-
Metaphosphate 
Stannous 
ferrocyanide 
Staniuc arseno 
Phosphate 
Stannic molybdo 
Arsenate 
Stannic 
pyrophosphate 
Stannic sulfide 
Stannic pho^ho 
Si&cate 
Stannic 
pyroantimonate 
Stannic seieno 
Phosphate 
Stannic seieno 
Pyrophosphate 
Stannic tungsto 
arsenate 
Stannic antimono 
Phosphate 
Stannic vanado 
Arsenate 
Stannic tungsto 
Sdenate 
Stannic vanado 
phosphate 
Stannic tungsto 
vanado 
Phosphate 
Nature 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Crystalline 
Crystalline 
Amorphous 
Composition 
Sn/Fe= 1.0 
Sn : As:P 
1 : 1 : 1 
Sn : Mo : As 
2 : 1 : 1 
Sn: P04^ 
1 : 2 
Sn : Si: P 
2 : 2 : 3 
Sn : Se : P 
1 : 1 : 1 
Sn : Se : P 
4 : 1 : 6 
Sn : Se : P04^ 
1 : 1 : 1 
Sn : W : As 
12: 5 : 2 
Sn : V : As 
1.94: 1.14: 1 
Sn : Se : W 
7 : 1 :18 
Sn :W : V : P 
1 : 1 : 1 : 1 
Emperical 
formula 
[SnO.H4Fe(CN)6. 
2.5H2OI, 
(Sn02),.(HjP04)j 
(H,As04) nHjO 
Sn(HAs04XHP04). 
H2O 
(SnOiMSiOi)! 
(H3PO4). nHiO 
[(SnO)4(OH) 
(HSe03XH2P04)6]„. 
4H2O 
(15Sn0.80H) 
(lOHzPiOr.OzHSeO,). 
SnHiO 
[(SnOz),. HSCO3 
(HW04)is. 45H201 
Selectivity 
Ag(I),Pb{II) 
Cu(n),Niai), 
Mg(n),Mn(n), 
Ycni) 
ThaV),Zr(IV), 
K(I) 
Zr(lV), Th(IV), 
Y(IID, Bi(lID 
Cu(II) 
Hg(II) 
Ag(i), Pb(no, 
Sr(IO.Zr(IV) 
Ba(ll), Cu(ll) 
Pb(II). Ce(ni), 
Sm(in) 
Pb(II). Sm(III), 
La(UI) 
Ba(n) 
Th(IV).Ce(IV) 
Ba(II),Cu(II) 
Refer-
ences 
(19«1 
I199J 
[TOO^ZOl] 
1831 
[202] 
(2031 
1204) 
1205] 
1206) 
1207) 
(208) 
[209) 
1210) 
(211) 
(212) 
(213) 
(214) 
(215) 
26 
s. 
No. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
110. 
111. 
Material 
Stamic vanado 
tungstate 
Stannic aneno 
Silicate 
Tin (IV) 
antimonite 
Tin (IV) vanado 
pyrq)hosphate 
Tin (IV) 
sulphoalicate 
Stannic 
hexacyano 
FeiTate(III) 
Stannic sdeno 
Arsenate 
Stannic iodo 
Pho^hate 
Stanmc borato 
Mwsphate 
112. 
113. 
114. 
115. 
116. 
117. 
Tantalum 
phosphate 
Tantahun 
arsenate 
Tantahun 
antimonate 
Tantahun 
tui^state 
Tantahun 
sulphate 
Tantahun 
selenite 
118. 
119. 
Titanhun 
pbo^bate 
Titanium 
arsenate 
Nature 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
ciystalline 
Amorphous 
(Xi 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
(Xi 
Amorphous 
Crystalline 
Amorphous 
Compositioii 
Sn : V : W 
2 : 1 : 1 
Sn : Sb = 2 : 11 
Sn : Se : As 
1 : 1 : 1.02 
* " • • • • • " 
^V) Tantalum 
Ta / As = 2.8 
Ta/Sb=1.3 
Se/Ta=1.5 
no Titanium i 
P/Ti=0.6-2.0 
Emperical 
formula 
Sn2[Sb(OH)6]„. 8H2O 
'""""""" 
iased exchangers 
Ta02(H2P04)oM.6H20 
Ifased exchangers 
(TiO>,.533(H2PO4)0.36 
9(OH),.77 l . l lHjO 
Ti(HAs04)2. 2.5H2O 
Selectivity 
Ai(ni) 
pbai) 
Hg(n) 
Hg(II) 
Cs(I), Rb(I) 
Ba(II). K(I). 
Na(l) 
K(I), NH4(I), 
Na(D 
K(I). Ydll) 
mX Zn(II) 
Fe(III), Ba(n) 
Gs(I) 
Pb(II). Cu(ll), 
Ba(II), SKID, 
Refer-
ences 
12161 
184] 
(2171 
[2181 
[2191 
[220] 
[221] 
[222] 
[223] 
[224] 
[225] 
[226] 
[227] 
(228J 
[229] 
[230] 
[231] 
(231-235) 
1236] 
27 
s. 
No. 
120. 
121. 
122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 
130. 
131. 
132. 
133. 
134. 
135. 
Material 
lltaniuni 
antiinonhe 
Thaniuin 
motybdate 
Titanium sdenite 
Titaniuin silicate 
Titanium 
tungstate 
Titanium 
tdhirate 
Titanium 
vanadate 
Titanium hexa-
cyanofeintte(II) 
Titanium arseno 
phosphate 
Titanium 
phospho 
silicate 
Titanium arseno 
molybdate 
Titanium arseno 
silicate 
Titanium oxide 
(hydrous) 
Titanium oxide 
TitanosiHcate 
Titanium 
molybdo 
phosphate 
Nature 
Crystalline 
Amorphous 
Semi-
crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semi -
crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Crystalline 
fibrous 
Fibrous 
Crystalline 
Composition 
Sb/Ti=1.0 
Mo/Ti = 
0.5-2.0 
Ti/Se=1.39 
Ti/Si=1.0 
Te/Ti = 2.06 
V/Ti = 4.0 
Ti: As : P 
3 : 1 : 1 
Ti02:P04: 
Si02 = 
1.76:1.97:9.54 
Ti: As : Mo 
2.2:1 : 1.6 
Ti: As: Si 
2 : 1 : 3 
Ti: As : Si 
2 : 1 : 1 
Emperical 
formula 
TiCHAs04)2. H2O 
H2Ti02.Sb03.(OH)2 
TiCVjO,. 1.5H20)4. 
OHjO 
[Ti02(OH)HFe(CN)6 
4H,OL 
[Ti02(H3As04) 
(HJPO4). NH2OI 
[(TiOjMHjAsO*) 
(H^SiOz),. nHzO] 
[(TiOzMHAsOj) 
(Si02)3. nHiO] 
TiOj. 6H2O 
H2Ti205. nH20 
Selectivity 
Zn(II), Cd(II) 
Rare earth metals 
Vo(II) 
Pb(U).Baai), 
Ti(IV), K(I) 
CdOI) 
Li(I).Na(I).K(I), 
Pb(ID, Cr(III) 
CsOXMgOI), 
Ca(II) 
Sr(II) 
Cs(I) 
Zr(IV).Nb(V). 
CsO), Pu(IV) 
La(ni), Ce(IV) 
Cu(II)>Sr(II)> 
Zr(IV)>Mn(II)> 
CO(Il)>Ni{n) 
Refer-
ences 
[2371 
[2381 
[239,240] 
[911 
[2411 
(2421 
[921 
[2431 
[1551 
[901 
[2441 
[971 
[2451 
12461 
[247] 
[2471 
[24«1 
[2491 
[2501 
[2511 
28 
s. 
No. 
136. 
137. 
138. 
139. 
Material 
Titamum tungsto 
arsenate 
Utamum tungsto 
Phosphate 
Thamum vanado 
l^ iosphate 
Trtanum 
andmony 
140. 
141. 
142. 
143. 
144. 
145. 
146. 
Th(»ium 
phosfriiate 
Thotium arsenate 
Th(»ium 
antimonate 
Thorium 
nx>lybdate 
Thorium 
Tungstate 
Thwhrni oxide 
Thorium tdhirite 
147. 
148. 
Tu i^o 
antimonic acid 
Tungsten 
ferrocyanide 
149. 
150. 
Unu^t^drogen 
Phosfriiate 
Uramum 
fiarocyanide 
Nature 
Amorphous 
Amorphous 
(X 
Amorphous 
Crystalline 
Fibrous 
Crystalline 
Amorphous 
Crystalline 
Amorphous 
Crystalline 
Granular 
Amorphous 
Amorphous 
(XV 
Crystalline 
Amorphous 
(XV 
• ' " • " 
Amorphous 
Composition Emperical 
formula 
V) Thorium based exchangars 
P/Th= 1.9-2.1 
Th/PO4 = 0.50 
As/Th=1.53 
Sb Th = 
3.67 - 4.27 
Th/Mo = 0.50 
Th/W = 2.0 
Th:Te=l:2 
T) Tungsten 
W/Fe=1.32 
JI) Uranium i 
U/Fe=1.6 
Th(HPO«)2.2H20 
ThOi.PiOj. 2H2O 
Th (HAs04)i. H2O 
Th(OHMHW04)2. 
nHjO 
Th(OH)„ nHiO 
based exchangers 
iased exchangers 
UO2HPO4.4H2O 
Selectivity 
Pb(II) 
Th(IV) 
RbO), Csa). Ag(I) 
Pb(n), Fe(ra), 
Bi(m) 
Ca(n), Sr(II),Ba(II) 
Li(I) 
Feail), Zr(IV) 
Fe(III). 
Zr<IV),Pbai) 
Csa),K(l),Na(l) 
Bi(m), Hg(II) 
NaO), Rb(I), 
CaOI), Srai) 
Pb(II). Co(II), 
Cu(II) 
cs(i), mi), K(i) 
Refer-
ences 
1252] 
[253] 
(2541 
1255] 
(2561 
1257] 
I25«l 
[2591 
I93J 
(2601 
(2611 
[262] 
[2631 
(2641 
(2651 
[2661 
(2671 
(26«1 
(2691 
29 
s. 
No. 
Material 1 Nature Composition Emperical 
formula 
Selectivity Refer-
ences 
(XVIII) Zirconium based exchangers 
151. 
152. 
153. 
154. 
155. 
156. 
157. 
158. 
159. 
160. 
161. 
162. 
163. 
Zirconium 
phosphate 
Zirconium 
pyrophosphate 
Zirconium 
hypophosphate 
Zirconium 
polyphosphate 
Zirconium 
arsenate 
Zirconium 
antimonate 
Zirconium (IV) 
iodomolyfodate 
Zirconium 
molybdate 
Zirconium oxide 
Srcomum 
tungstate 
Zirconium 
teUurate 
Zirconium 
oxalate 
Zirconium 
silicate 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
P/Zr = o.5-2.1 
P/Zr = 2 
P/Zr = 2.0 
2.5-2.8 
Zr;P=1.75 
As/Zr=1.53-
1.96 
As/Zr = 2.0 
Zr/Mo = 
0.85 - 2.0 
Zr/W = 
O.10-0.44 
Te/Zr=1.0 
Zr (OHXPO4) 
ZrO(HP04) 
Zr3(P04)4 
Zr(HP04)2. H20 
Zr (HP04)2. H2O 
Zr<HAs04)2 H2O 
[Zr03(0H)(10j) 
(HMo04)4]n. litijO 
ZrCHiTeOs). 4H2O 
Zr(OH)C204H 
Cs(I).Rba),Ka), 
Na{I) 
Euan),Sr(n),Co(II) 
NidO, Zn(n), 
U02(II) 
Li(I), K(I), Cs(I) 
Na(I). Ag(I). 
Ca(II),NH4a) 
Sr(II), U02(II), 
CeGH) 
Cu(II),Ni(II),Ca(n) 
Na(I), Fe(ni), 
Mg(U) 
For multivalent 
metals 
For alkali metals (in 
NH4* form) and 
Cu(II), Fe(in), 
Cd(II), 
Ba(II) (in H^  form) 
Cs(I), K(I). Na(I) 
Na(I),K(l),Csa) 
Na(I), K(I), NH4(I). 
mi) 
Csa),Rb(I),K(I). 
Na(I).Lia),H«(II) 
Na(I), CsaX Rb(I), 
K(D 
Th(IV). Sm(III), 
Ca(n), Sr(n) 
[2701 
[271) 
[272] 
(2731 
[273-2761 
[277-2801 
[2811 
[2821 
[283-2851 
[286-2881 
[2891 
[2901 
[291-2931 
[294,2951 
[2961 
[2971 
[2981 
[299-300] 
[3011 
[302-3041 
30 
s. 
No. 
164. 
165. 
166. 
167. 
168. 
169. 
170. 
171. 
172. 
173. 
174. 
175. 
176. 
177. 
178. 
Material 
23rconiuin 
ferrocyanide 
Ziicoimim 
vanado 
phosphate 
Zircomum 
selenite 
Zirconium 
sulphophosphate 
Zirconium 
arsenopbosphate 
Srconium 
tungstoarsenate 
^conium 
sdenophosphate 
Zirconium 
titanium 
phosphate 
Zirconium 
hydrogen 
pho^hate 
pentrahydrate 
Zirconium 
ahmnno 
pyrophosphate 
ZmxMiium 
arsoiosilicate 
Zirconium 
molybdo 
vanadate 
Zirconium 
molybdo 
iriKMphate 
Zirconium 
pfaospho 
molybdate 
Zirconium 
phoq>ho 
ammoniumphosp 
hotungstate 
Nature 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Crystalline 
Crystalline 
Semi-
Crystalline 
Amorphous 
Amorphous 
Composition 
Fe/Zr=0.55 
Zr : As :P 
2 : 1 : 1 
Zr : As:P 
1 : 2 : 1 
Zr: As : Si 
1 : 2 : 1 
Zr : V : Mo 
1.68: 1 : 0.88 
3.33: 1 : 0.28 
6.15: 1 :0.815 
Emperical 
formula 
ZrO2(Se0X0H) 
2HiO 
(HP04)2,.Zr(03PC6 
H4SOJHX 
(Zr02XHjAs04) 
(H3PO4) nHzO 
2Zr02. 2AS2O5. 
HjP04. IOH2O 
[(ZrOMOH)4(HSe03)j 
(H2P04)4ln. nHjO 
[ZrNaH(P04)2 SH^O 
Zr02.MoO,2. VH2O 
Selectivity 
Li(I), Na(I). NH4(I) 
Li(I),Na(I),Ka), 
Mg(II), 
Ca(II),Ba(II) 
Pb(n),Cd(lI),Ba(II). 
Zr(IV).V02(n) 
Li(I).Naa),K(I), 
Mg(II),Caai), 
Ba(II) 
Ag(I) 
KG), Cs(I), 
Na(I),Li(I) 
Al(III), Fe(III), 
Pb(n), CdOD 
Li(I), Na(D 
Cs(I). Rb(I) 
Refer-
ences 
|305] 
[306] 
[3071 
[308] 
[306] 
[307] 
|308] 
[309] 
[310] 
[311] 
[312] 
[313] 
[98] 
[314] 
[315] 
[316] 
[317] 
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s. 
No. 
179. 
180. 
181. 
182. 
183. 
184. 
185. 
190. 
200. 
Material 
Srconhim 
arsenovanadate 
Ztrconhim 
phosphosilicate 
Zirconhun (IV) 
faydroarsenate-
l^drogen 
phosphate 
Zirconium 
phospho 
andmonate 
Zirconium 
pho^hoiodate 
Srconium 
phosphoborate 
Zirconium 
moiybdoarsenate 
Zrconium siKco-
mcriybdate 
Zirconium 
tungstophosphate 
201. 
202. 
203. 
204. 
205. 
206. 
207. 
208. 
209. 
210. 
Cesium 
zirconium 
phos(rfiate 
ColHdinium 
moiybdoarsenate 
Hafiiium 
Phosphate 
Hafiiium 
arsenate 
Lanthanum 
antimomte 
Molybdate 
ferrocyanide 
Nickel 
antimonite 
Tdhirim'um 
antimony 
Vanadium 
fisrrocyanide 
2nc 
ferrocyanide 
Nature 
Amorphous 
Amorphous 
AmoridKxis 
Electron 
ion 
exchanger 
Amorphous 
" 
Amorphous 
Amorphous 
Amorphous 
Seau-
crystalline 
Amoiphous 
AmorfdKMis 
Amorphous 
Amorphous 
Composition 
Zr : P : B 
1 : 1 : 1 
(XDQ Other 
• • " • • 
Fe/Mo = 2.3 
Sb/Te = 
1.93 -6.23 
V/Fe = 3.86 
Zn/Fe=1.98 
Emperical 
fominla 
Zr(HAs04)HP04 .HjO 
acidic salts 
" " " • " " • • " " 
[H4Fe(CN)6(MoO,) 
(HjOkl.* 
— — 
Zn2Fe(CN)6 
Selectivity 
' 
Pu(IV), Cs(I) 
Qualitative 
oxid^onofSn(II), 
Fe(III),Ti(III), 
As(III).Sb(m) 
csa) 
— 
— 
Tl(D.La(I) 
Lia) 
Hg{II). Mg(II) 
Cs(I) 
Bi(III) 
cs(i), Rba) 
Cs(D 
Refer-
ences 
[3181 
[319-321] 
13221 
[323^24] 
[96] 
[325] 
[326] 
[327] 
[328^29] 
[330] 
[331] 
[332] 
[333] 
[334] 
[335] 
[158] 
[336] 
[337] 
[338] 
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s. 
No. 
211. 
212. 
213. 
214. 
215. 
216. 
217. 
218. 
219. 
220. 
221. 
222. 
223. 
224. 
225. 
226. 
227. 
228. 
Material 
Potasshun 
tungsten 
ferrocyanide 
di-Potassiiun 
tri-zinc 
hexa^anoferrate 
Sodium arseno 
andmonate 
Nickd (n) 
aluminoalicate 
Ammonium meta 
tungstate 
Vanadyl 
phosphate 
Zinc antimonate 
Phosphato 
tantalicacid 
Cubic 
ammonium 
motybdate 
Sodium titanate 
Ceaum 
titanoniobate 
C(dli£um 
tungstoarsenate 
Lanthum 
tungstate 
Lanthanum 
Tdhirate 
Manganese 
antimonate 
Sodium 
zirconium 
silicate 
Sodium 
arconium 
phosphate 
Silica based 
stannic hexa 
cyanoferrate(II) 
Nature 
Amorphous 
Crystalline 
Crystalline 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Compositioii 
— 
• " • • • • • 
Sn :Fe;Si 
5 : 4 :2 
Emperical 
formula 
(Na3Sb3As204) 
' • - • 
[(NH,)o.7, 
(14 .16MoOj) l . 8H2O 
Na4ri902o nHjO 
Na,Zr2(Si04)3 
_ _ _ 
Selectivity 
Cs(I) 
Sr(II) 
~~~*~~~" 
Refer-
ences 
1339] 
13401 
1341] 
I342J 
1343) 
(3441 
[3451 
13461 
[3471 
[34S1 
13491 
(350] 
[3341 
[3511 
[3521 
[3531 
[3301 
[871 
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The inorganic ion exchangers are particularly suited for the separation and 
concentration of radioisotopes. They can also be used for the separation of alkali metals 
as they generally have a more favorable selectivity for these metal ions as compared to 
the organic resins. Some are foiind to have selective affinity for a specific metal ion 
under suitable conditions and hence can be used for its isolation, sample containing 
several different metal ions. For example, titanium (iv) vanadate [90] is highly selective 
for Sr^ * ions. Titanium(iv)molybdate [91] has been found selective for Pb^ "^ , Ba^ "^  and 
Ti'*^  ions and has been successfiilly used for their separation fi^om binary and ternary 
mixtures. Titanium(iv) tungstate I92J has shown a high selectivity for Ca^ ^ ions and 
therefore has been used for their separation alkaline earth metals. The increased 
sensitivity of thorium molybdate [93] for Fe"*^  ions has similarly been utilized for 
separation of Fe'* from binary mixtures. Ferric phosphate [94] has been used 
analytically for the separation of Th** or Pb^ "^  from Hg^^ Zn^ *, Sr^ ^ Mn^ "^  and Ni^ .^ 
Similarly ferric selenite is sufficiently selective for the separation of Pb^^  from a 
number of other metals. Important separations have also been carried from the mixture 
of ions using paper chromatography, electrochromatography and thin layer 
chromatography using these materials as impregnants [95,77]. A number of separations 
of Cs^ were achieved on zirconium (iv) molybdoarsenate, ammonium 
molybdophosphate, ammonium phospho-molybdate etc. As mentioned in the list of 
inorganic ion exchangers, electron exchange phenomenon has also been observed in 
some of these materials such as zirconium (iv) molybdate and tungstate, zirconium (iv) 
phospho-iodate [96] etc. 
Although the promising nature of inorganic ion exchangers has been proved 
beyond doubt in analytical chemistry, their main drawback has been the lack of rigorous 
testing for the analysis of real samples. In most of the works only simple binary and 
ternary separations have been tried and achieved at the laboratory level that is mainly of 
academic interest. Recently some attempts have been reported in the literature in this 
direction. Zirconium (IV) and titanium (IV) arsenophosphate [97] and zirconium (IV) 
arsenosilicate [98] have been used for the analysis of alloys and rocks. Such materials 
have also been utilized for the separation of metal ions from some antacid drugs [99] 
and multivitamin-multimineral formulations [100]. 
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l^J. CHELATING ION-EXCHANGE MATERIALS 
The use of ligand or complexing agent in solution in order to enhance the 
efficiency of separation of cation mixtures (e.g. lanthanide ) using conventional cation 
or anion exchange resins is well established An alternative mode of application of 
complex formation is, however, the use of chelating resins that are ion exchangers in 
which various chelating groups (e.g. dimethylglyoxime, iminoacetic acid etc.) have 
been incorporated and are attached to the resin matrix. These types of chelating ion 
exchangers have been developed recently and their analytical applications explored 
[354355]. Complexions have been used for the preparation of new chelating resins for 
separating metal ions the basis of complex fonnation [356^57]. A number of such ion 
exchangers have been prepared by the incorporation of ligands on resins [358^59]. 8-
hydroxy quinoline [360] sorbed on porasil is capable of separating metal ions at trace 
level. Eriochrome black-T modified graphite columns have been used for the separation 
of metal ions [361]. A PAN [l-(2-pyridyla2»-2-napthol)] sorbed zinc silicate [362] has 
been used for the recovery of precious metal ions Pt*^  and Au'^ and ammonium-
molybdophosphate [3d3] have been used for the quantitative separation of metal ions. 
Separation and retention behavior metal ions have been achieved on tetracycline 
hydrochloride coated alumina [364] and zirconium (iv) selenomolybdate [365], while 
tetracycline hydrochloride sorbed zirconium (iv) tungstophosphate chelating exchanger 
has been employed in the separation of La'* ions [366]. Recently 4-(2-pyridylazo) 
resorcinol (PAR) [367] has been reported as a very sensitive and selective chelating 
agent in column chromatographic separation of cations on Dowex- 1- XB (C1-) form. 
Selective adsorption of Pb^ "^  has been carried out on Calix [4] Arene Carboxylate resin 
supported by Pollyallylamine [368]. Resorsinol - Formaldehyde ion-exchange resins 
[369] have been employed for the selective removal of cesium. 
An important feature of chelating ion exchangers is the greater selectivity, which 
they offer compared with the conventional type of ion exchanger. The affinity of a 
particular metal ion for a certain chelating resin depends mainly on the nature of the 
chelating group. And the selectivity behavior of the resin is largely based on the 
different stabilities of the metal complexes formed on the resin under the various pH 
conditions. It may be noted the binding energy in these is of the order of 6-105 kJ 
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mor\ \s1iereas in ordinary ion exchangers the strength of the electrostating binding is 
only about 8-13 kJ mol'^ The exchange i»ocess in a chelating resin is generally slower 
than that of ordinary type of exchanger and the rate apparently being controlled by a 
particle diffusion phenomenon. According Gregor a al [370J the following properties 
are required for a chelating agent is to be incorporated as functional group into an ion 
exchange resin: 
• the chelating agent should yield, either alone or with a cross-linking substance 
of sufficient stability or be capable of incorporation into a polymer matrix. 
• the chelating group must have sufficient chemical stability so that the synthesis 
of the resin and its functional structure is not changed by polymerization or any 
other reaction. (Groups 4 and 14 are on accordance with the new lUPAC and 
ACS Nomenclature Committees in place of the old IV group). 
• the stearic structure of the chelating group should be impact so that the 
formation of the chelate rings with cation will not be hindered by the resin 
matrix. 
• the specific arrangement of the ligand groups should be preserved in the resin. 
Usually the complexing agents forming sufficient stable complexes are at least 
tridentate. These considerations indicate that many chelating agents could not be 
incorporated into a resin without loss of their selective complexing abilities. 
1.5.4. INTERCALATION ION-EXCHANGERS 
After the development of various types of inorganic ion exchange materials, 
lately much interest has been developed in the study of pillared inorganic materials and 
intercalation compounds (new porous intercalates) that can be synthesized by 
introducing some organic molecules in the matrix of layered inorganic ion-exchangers 
(Figure 1.6). The main advantage of a pillared structure is that it allows ready access of 
large ions and complexes to the interior due to the increase in the inter layer distances 
and pore sizes. This is very useful in radioactive waste cleanup. A large number of 
radioactive species can be exchanged in to the pillared materials and permanently sealed 
by heating at h i ^ temperatures. Also the size of pores can be controlled by altering the 
charge on the pillaring cations. Exchange of cations into pillared materials can change 
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their catalytic properties. Amongst the new developments of ion exchangers, 
intercalation compounds have played an important role in the field of separation science 
and technology. These compounds can be synthesized by introducing some organic ions 
or molecules in the matrix of inorganic ion exchangers. Alumina, kaolin, clays, 
bentonite, pectin, alginic acid etc. have been used as adsorbent with stimulated 
considerable interest in medical science throughout world. Hence, intercalation is a 
process in which neutral polar molecules are inserted between the sheets of a layered 
insoluble compound (Figure 1.7). The intercalation process will occur if some of the 
following factors are satisfied in particular-
I. The intercalations of the guest molecules with the host matrix must be stronger 
than the mutual interactions of the molecules with themselves. Thus, the surface 
of the layers of the intercalating agent should possess active site with which the 
guest molecule can interact (Figure 1.8). 
II. The layers must spread apart to accommodate the guest molecules. Thus, inter 
layer bonding must be weak and the stacking of the layers should be such as to 
not create steric hindrance to the fi'ee diffusion of the molecule. Owing to the 
steric hindrance the intercalation process requires an activation energy. 
The general formula of some insoluble acid salts having layered structures is 
M(IVXHX04)2 .2H2O; where M(IV) = Ti, Zr, Ce, Sn and X = 'P' or 'As'. Each 
layer consists of a plane of tetravalent atoms sandwiched between tetrahedral atoms 
phosphates and arsenates groups [371^72]. These layered phosphates and arsenates of 
tetravalent metals resemble to a good extent with natural clays. Dyer and Ldgh [373], 
Yamanaka and Koizumi [374] have demonstrated a similarity between monmorillonite 
clays and group (FV) phosphates. In these compounds the bonds within the layers are 
strong and primarily covalent, whereas those between the adjacent layers are weak 
Vander Waals attractions. So the layers can move in relationship to each other when the 
{H'Otons are replaced by other cations or when the number of water molecules changes. 
Due to this ability, acid salts of tetravalent metal possess the typical characteristics of an 
intercalating agent An important step in the development of this class of compounds 
was made in 1978 when the first M (IV) phosphonates and M (FV) organo phosphates 
with layered structures closely related to that of zirconium bis monohydrogen phosphate 
were prepared [375]. Further development of layered M (TV) phosphates wid 
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Figure 1.8 Possible arrangement of 1-pentanoI (a) and ethylene glycol (b) at the 
of layered a- zirconium phosphate ' active sites 
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phosphonates was made in the years 1987-1990 w*en it was realized that y -zirconium 
phosphate, unlike a -zirconium bis monohydrogen phosphate, must be formulated as 
zirconium phosphate dihydrogen phosphate, ZrP04[02P(OH)2l.2H20 [376]. Today we 
know that it is possible to obtain a large number of organic derivatives with a- and y-
layered structures [377^78]. Even pillared compounds with regular inter layer micro 
porosity have recently been obtained [379380]. 
It is clear that layered compounds of having two types of structures (a- and y -
types). The a -type compounds have the formula M(IVXRP03)2.nS, where nS are the 
number of moles of solvent, which are generally H2O intercalated. Their structures arise 
from the ABAE stacking of layers^ in which each layer contains an ideal plane of metal 
ions sandwiched between the O3PR groups, with the P-R pointing towards the interlayer 
region [62]. In the case of a -Zr(HOP03)2H20, the interlayer distance is 7.6 A°, the free 
area surrounding each POH group is 2.4 A°^  (Figure 1.9) and m. mole of exchangeable 
protons per gram are 6.64. Compounds of y -type have the formula 
M(IVXP04XH2P04).2H20 and layers are made up of ideal planes containing the metal 
atoms bridged by the -PO4 groups while the =P(0H)2 moieties point towards the 
interlayer region [381]. The layers are thicker than the a- ones and the -OH groups 
bonded to the same P- atoms have different acidities. In case of y - Zr(P04XH2P04). 
2H2O, the interlayer distance is 11.6 A° and free area surrounding the P(OH)2 groups is 
estimated to be 33 A° ,^ and ion exchange capacity as 6.27 m.mol/gm. It is obvious that 
in the layered phosphate of y - type, interiayer distance is much higher than that of a -
ones due to steric hindrance are less, hence intercalation occurs more easily. However 
due to the observation of a denser structure of the y - type as compared to the a -ones, 
the area of the exchange site is smaller than in a -compounds. In graphite and in some 
intercalating agents, the intercalation process occurs in distinct steps [382] in which 
every *n'th interlayer region is filled until the process proceeds from the external part of 
the crystal to internal one, and all the interlayer regions are involved in the process. 
Further, the presence acid groups between the layers make these exchangers very 
suitable intercalating agents of polar molecules that are bronsted bases. 
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Alberti et aL p83J have reported the synthesis and characterization of a new 
type of zirconium phosphate by the name of zirconium phosphate hemihydrate [a - Zr 
(HP04)o.5- H2O]. A large number of other new materials have also been prepared on 
zirconium phos^ rfiate by pillaring methods. Alberti and his coworkers [384] have 
intercalated a-Zi(IVXRP03)2.H20 by phenyl containing -SO3H groups and y -
Zr(IVXP04XH2P04).2H20 by crown ether. U. CosUmtitto [3851 has given a detailed 
description of intercalation of alkanols and glycols into a -Zr(HPO4).H20 and also 
developed zirconium phosphate-phosphite [386]. Clearfield and Tindwa [387] have 
studied in detail the uptake of n- phenylamine, n- butyl amine and ethylene diamine on 
a-Zi<HP04)2.H20. Dines et aL [388] have prepared monophenyl, diphenyl and 
triphenyl bridging pillared zirconium phosphates by using phenyl disulphonic acids to 
bridge across the layers. They have also shown that it is possible to form three -
dimensional or pillared analogous of the phosphonates by utilizing a, o) - diphosphonic 
acids. A schematic diagram of a portion of the structure is shown in Figure 1.10. 
Varshney et aL, Rawai et aL, Singh et aL and Qureshi et aL have also studied on 
amine tin(Il) hexacyanoferrate (II) [389], amine tin (IV) hexacyanoferrate (II) [390], tin 
(IV) diethanol amine [391], iron (III) diethanol amine [392] and zirconium (IV) 
ethylene diamine [393] respectively. The intercalation behavior of 2,2- dipyridine and 
1,10- phenanthroline towards y -zirconium phosphate [Zr(HPO4)2.H20] has been 
reported by Ferrogina et aL [394]. 
Recently, some intercalation ion exchangers have been developed and reported 
in the literature. Hudson et aL [395] have reported the intercalation of monoamine into 
a- Sn(HP04)2.H20 and investigated the ion exchange behavior of amine in the presence 
of transition metal ions. Wang et aL have reported the selective separation of Cs^ on 
zirconium phenyl diphosphonate phosphate [396]. Chudasama et aL [397] synthesized 
a new inorganic-organic ion exchanger by anchoring p- chlorophenol to Zn(W04)2 and 
reported the material has a good ion- exchange capacity and stability. Zhang et aL [398] 
synthesized zirconium-layered compounds containing the N-<phosphonomethyl) 
iminodiacetic acid groups. A mixed phosphate/phosphonate compound nanociystalline 
microporous pillared zirconium phosphate-biphenylene bis (phosphate), Zr2(P04) 
(03PCH2N{CH2COOH}2) (OjPCH2N{CH2COOH.CH2COO}). 2H2O was obtained 
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r « - - • - - - - _ 
Figure 1.9 Idealized ball and stick representation of a - zirconium phosjAate. The phosphate 
groups bridge three Zr atoms on both sides of the layer forming a cage-like 
structure outlined by the heavy lines. 
Figure 1.10 Schematic depiction of zirconium biphenyl 4,4'- bis (phosphonate). Pores can be 
built mto the three dimensional structure by addition of spacer groups or by choice 
of solvent 
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vfhen a mixture of H3PO4 and diacetatoimino phosphoric acid solution in the ratio 1:1 
was heated with zirconyl chloride in the presence of HF. The layered structure of this 
compound is different from that of any known layered zirconium phosphate compound. 
The bridging of metal atoms by the phosphate groups within the layer is similar to that 
foimd in Y - ZrP, \Aa\e the mode of phosphonate binding is similar to that found in a -
ZrP. Another group of interesting ion exchanger materials and complexing agents are 
the zirconium polyimine polyphosphonates [4111, are depicted schematically in Figure 
1.11. Tottdta et oL [399] intercalated a a, p, y, S - tetrakis (4-N-methyl pyridyl) 
porphine into y - zirconium phosphate, because of its large interlayer distance. Malik et 
aL [400] have reported pyridinium tungstoarsenate, selective for Rb^ and Cs^ and Singh 
et aL intercalated aniline into tin (IV) phosphate [401] and Zr(IV)phosphate, 
[(Zr02)2.(C6H5NH2)HP03. S.THzO]; selective for Co^\ Zn^^ Cd^^ Hg^ "^  [402]. Nabi et 
aL have reported the synthesis, characterization and analytical applications of Zr (IV) 
sulfosalicylate [403], which is selective for Ag^ Hg^ * and Pyridinium-Tin (IV) 
tungstoselenate [404]. 
There are some non-pillaring methods by which non-bridged organic-inorganic 
hybrid ion exchangers have been developed. In one method the tetrahedral phosphate 
groups are exchanged with phosphate groups, which have selected functionality, by 
allowing the zirconium phosphate to equilibrate with a solution of phosphoric acid 
[405]. In the second method zirconium or titanium fluorocomplexes are slowly 
decomposed in a solution containing phosphoric or organophosphoric acid. A third 
method is to treat the layered phosphate with a derivatizing agent like ethylene oxide, 
thionyl chloride etc. It has been possible to change the strength of the acidic functions 
by inserting groups wdiich are stronger or weaker than the =P-OH, such as -SO3H or -
COOH respectively, to obtain anionic exchangers. Layered compounds having different 
organic functions anchored to the inorganic matrix can also be prepared by using a 
suitable mixture of two or more phosphonic or organophosphonic acids in the 
preparation. The compounds obtained by Costantino [406] in this way have the formula 
Zr(RP03)2-x (R'P03)x and by the proper choice pf the R and R' groups, it is possible to 
lower the layer charge density by diluting ionogenic groups with a polar ones, to 
incorporate the inlayer region lyophilic groups together with lyophobic ones, or 
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Figure 1.11 Schematic depiction of a crosslinked zirconium polyimine phosphonate, 
Zr(03PCH2NHCH2CH2NHCH2P03). 
ionogenic groups of different strength, active for ion exchange and intercalation. 
Open-frame work metal phosphonates are of considerable interest due to their 
potential applications in the areas of sorption, ion exchange, catalysis and sensors (407-
409]. Research in this area has been focused on the synthesis and characterization of 
divalent [410,412], trivalent [413-415] and tetravalent [416-419] metal phosphates of 
the transition metals. With some exceptions, for example copper [420] and lanthanum 
[421], the metal ions in these lamellar systems are octahedrally coordinated and the 
organophosphonate moieties are directed into the interlayer space. A series of layered 
indium phosphate, arsonate and phosphonate have been prepared in which the 
phosphonate and the arsonate compounds contain the ligand of both di-anion and mono-
anion forms [422]. 
1.6. COMPOSITE MATERIALS 
Two or more materials are combined together to produce a new material that may 
possess much better properties than any one of the constituent materials. The new 
material is called as composite material. For example, wool is a natural composite, 
which consists of long cellulose fibers held together by amorphous lignin. Some 
artificial or synthetic composite materials are cement, inorganic fillers in plastics, or 
organic coatings on the surface of metals etc. There are three types of composite 
materials -
I. Agglomerated Materials: In this process the particles are condensed together to 
form an integral mass and are known as agglomerated composite materials (e.g. 
cement concrete). 
II. Laminated Materials or Laminates: The materials which are produced by 
bonding two or more layers of different materials completely to each other, are 
known as laminated materials or laminates (e.g. tufhol). 
III. Reinforced Materials: The materials that are produced by combining suitable 
material to provide additional strength, which does not exist in a single material, 
are known as reinforced materials (e.g. nylon reinforced rubbers, fiber 
reinforced plastics etc.). 
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The word 'composite' is used in the technical sense to describe a product that 
arises from the incorporation of some basic structural material into a second substance, 
the matrix wiiich is incorporated either in the form of particles, whiskers, fibers or a 
mesh. The main characteristics sought in an additive that in turn gets conferred on the 
composite, are elastic rigidity, tensile and fatigue strength, hardness and approiMiate 
electrical and magnetic properties. Thus, a polymer composite may be defined as a 
combination of a polymer with one or more other materials to produce a new material to 
avail advantages of desirable properties of each component. Hence, in composite 
materials, the interface between two different materials is a very important feature of 
their durability or mechanical properties. In other words, the concept of these composite 
materials is 'paste together' to form a material with improved properties. 
1.6.1. ^ORGANIC-INORGANIC COMPOSITE MATERIALS 
Composite materials formed by the combination of inorganic materials and 
organic polymers are attractive for the purpose of creating high-performance or high 
functional polymeric materials. Of particular interest is the molecular level combination 
of two different components that may lead to new composite materials that are expected 
to provide many possibilities, termed "organic-inorganic hybrid" materials. These 
hybrid materials usually show {nroperties intermediate between those of plastics and 
glasses (ceramics). Accordingly, hybrids can be used to modify organic polymer 
materials or to modify inorganic glassy materials. In addition to these characteristics, 
the hybrid materials can be considered as new composite materials that exhibit very 
different properties from their original components (organic polymers and inorganic 
materials), especially in the case of molecular level hybrids. In other words, hybrid 
materials should be considered as next-generation composite nuiterials that will 
encompass a wide variety of applications. Recently, new methods of preparing tfiese 
hybrid materials have been reported. Some improvements of the properties or 
modifications of these materials have also been explored from the viewpoint of 
industrial applications. 
The concept of 'molecular level mixing' between two different materials can 
also be considered. Since the late 1980s, molecular level combination between organic 
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polymers and inorganic materials has been of interest Review articles concerning 
hybrid materials have been reported by Saegusa and Chujo [423], Sanchez and co-
workers [424, 425], Schuben et aL [4261, Novak [4271, Loy and Shea [4281. Mark 
[4291, and others [4301. During this period, the stiKly of organic-inorganic hybrid 
materials focused on the following points: firstly exploration of new [reparative 
methodology for hybrid materials; secondly, new combinations between different 
materials; thirdly, fimctionalization of hybrid materials; and fourthly, modifications of 
hybrids for industrial applications. 
It is necessary to point out some important composite materials that are believed 
to have evolved and will result in interesting molecular hybrid materials in the near 
future. 
Hybrid macromonomers: 
Silsesquioxane-organic copolymers can be thought of as the models of silica-
reinforced hybrid materials. These products are regar(ted as hybrid macro monomers 
[4311. 
HOeropofysUaxanes: 
Silica, alumina, titania and zirconia are the most popular inorganic components 
for hybrid materials due to their commercial availability as alkoxide precursors and also 
to the feasibility of the sol-gel reaction. An example of organic fimctionalization of 
silica gel by a sol-gel method is the preparation of transparent monolithic gels by the 
reaction of diethyljdiosphato ethyltriethoxysilane and tetraethoxysilane [432]. Because 
organofrfiosphorous moieties can efficiently extract many types of metal ions, the hybrid 
materials containing frfiosphoryl groups can be applied in the jMeparation of facilitated 
transport membranes. 
Surfactant templates: 
The addition of the surfactant, hexadecyl trimethyl ammonium bromide at the 
stage of sol-gel reaction plays an important role (controls the size of the pores) in the 
formation of hybrid mesoporous silica with controlled functionality and hydrophobicity 
after extraction with water, mi^t open up new avenues for catalysis or for organic-
inorganic host-guest ch«nistry [433]. 
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Hetertfgeneous biocatafysts: 
The entrapment of lipases in hydrophobic sol-gel materiak resulted in the 
formation of higjily active, stable and reusable heterogeneous biocatalysts [434]. 
Structure ofcolhMal silica-poly (mohyl mOkacrylate) composites: 
Composite matoials of silica and organic polymers are wddely employed as 
structural materials for their properties of high strength and low density. The silica 
surface can be modified with silane coupling agents, which improve adhesion between 
the filler and oi^ ianic polymers [435]. At least 85% of the methacrylate groups 
coploymerizrd with methyl methacrylate to cross-link the silica into the composites. 
ViterophoHc colloids: 
A new approach was reported [436] using silane-coupling agents (such as 3-
aminopropyltrime -hoxysilane) as surface primers, which are known to complex 
strongly with gold metal. This method can be applied to other kinds of colloids that 
have typically been difficult to coat with silica, such as silver, copper and 
semiconductor particles. 
Abrasion-reastant materials: 
H i ^ abrasive resistance can be attributed to the to the Si - O - Si inorganic 
backbone structure of the hybrids along with the high level of cross-linking. These 
abrasion-resistant hybrid materials have been prepared by the sol-gel method using 
tetramethoxysilane or tetraethoxysilane in the presence of low molecular wei^t 
organics such as diethylenetriamine, 3,3'- iminobispropylamine, glycerol, ethylene 
glycol, butanediol, hexanediol, and resorsinol [437]. 
Low volume shrinkage: 
Recently, polyacrylate-silica hybrids were prepared by sol-gel reactions using 
silicates having a polymerizable aciylate monomer moiety, in which the volume 
shrinkage was significantly reduced [438-440]. 
fiber-reinforced pofymer hybrids: 
The interlaminar shear strength and flexural strength of the silane-tieated 
composites increased in comparison with the untreated one [441J. Silver powder has 
also been used as filler for polypropylene composites to imjnrove mechanical properties, 
such as tensile and flexural properties, or impact strength [442]. 
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Hybrid sensors: 
Organic or inorganic semiconductors have been reported to change their 
conductivities when exposed to a variety of organic and inorganic vapors. Thus, these 
materials can be expected to behave as sensors. Composite materials of tin dioxide and 
derivatives of Ae conducting polypyrrole [443] gave reversible changes in electrical 
resistance at room temperature when exposed to a range of organic vapors 1444]. 
Composite containing 2.5% polymer by mass were febricated and exposed to low 
concentrations of ethanol, methanol, acetone, methyl acetate and ethyl acetate vapors 
[445,446]. The composite materials were found to give more significant and reversible 
decreases in electrical resistance in comparison with sensors constructed solely of tin 
dioxide or polypyrrole. These materials could be used in the quality control of 
foodstuffs, especially in the early detection of soft rot in potato cubers. Preformed 
polypyrrole and polythiophene were incorporated into clay (montmofillonite) by the 
interaction of colloidal nanoparticles of the polymers with the colloidal, layered host 
[447]. This method using a colloid-colloid reaction [448], might provide a general route 
to incorporation of interactable polymers within layered host structures that can be 
exfoliated, such as smeccice clays [449], metal disulfides, and some metal oxides. 
These materials have potential to be used as hybrid sensors. 
There are some homogeneous as well as heterogeneous hybrid ion exchange 
membranes. Homogeneous ion exchange membranes are coherent ion exchanger gels in 
the shape of disks, ribbons etc. Heterogeneous membranes consist of colloidal ion 
exchanger particles embedded in an inert binder, i.e., polystyrene, polyethylene, 
araldite, nylon, PMMA, etc. These ion exchange membranes have been employed as 
potentiometric sensors under the name of chemical sensors, ion-sensors (ion-selective 
electrodes), gas sensors etc. 
1.6:2. *ORGANIC-INORGANIC COMPOSITE ION-EXCHANGERS 
The conversion of inorganic ion exchange materials has been taking place into 
composite ion exchange materials is the latest development in this discipline. The 
preparation of composite ion exchangers is carried out with the binding of organic 
polymers i.e. polyaniline, polyacrylonitrile, poly acrylic aci4 poly methylmethacrylate. 
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polystyrene, polythiophene and polypyrrole etc. These polymer based composite ion 
exchange materials show the improvement in a number of its properties. One of them is 
the improvement in its granulometric properties that makes more suitable for the 
application in column operations. In some of the cases, it is observed that increase in the 
number of cycles without affecting its ion exchange capacity as well as ion exchange 
equilibria. The binding of organic polymer also introduces the better mechanical 
properties in the end {Hoduct i.e. composite ion exchange materials. 
More recently, some organic-inor^mic composite ion-exchange materials have 
been developed. Beena Pandit et oL [450] have synthesized such type of exchange 
material, o-Chlorophenol Zr (IV) tungstate. Khan et oL have reported polyaniline Sn 
(IV) arsenophosphate [451] (structure of this material is shown in Figure 1.12) and 
polystyrene Zr (IV) tungstophosphate [452J used for the selective separation of Pb^^ and 
Hg^ ^ respectively, and ion-exchange kinetics of M *^-H^ exchange and adsorption of 
pesticide [453,454]. 
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Figure 1.12 Structure of Polyaniline-Tin (iv) arsenophosphate a'polymeric-inorganic' 
composite ion exchangers, tentative formula of this material is 
(Sn02XAs205)4(H3P04)4- (-C6H5NH-)2 nHaO. (reported by Khan et al'^'^ 
have also carried out on these materials. Gupta et at [365] have synthesized Polyaniline 
Zr (IV) tungstophosphate have used for the selective separation of La^ ^ and U02^*. 
Chanda et oL reported polyaciylic acid coated Si02 as a new ion-exchange material. 
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Styrene supported zirconium (TV) phosphate hybrid material [455] and fibrous ion-
exchange materials such as Ce (IV) phosphate and Th (IV) i^osf^te have been 
modified by incorporating with polymers of acrylonitrile and methyl methacrylate [456] 
having a great analytical applications, have been investigated by Varshney et aL These 
materials can be used as ion-exchanger membranes and electrodes. Polyacrylonitrle 
fibers and zeolites composites have also been reported in literature. 
ApDlications: 
The composite ion exchangers show some better granulometric properties which 
facilitates its stability in column operations especially for separation, filtration and 
preconcentration of ionic species. The colimm operation suitability makes it more 
convenient in regeneration of exhausted beds also. As in general these materials have 
their applications in following disciplines: 
a Water softening 
a Separation of ionic species 
a Preconcentration of metal ions 
a Nuclear separations and nuclear medicine 
a Synthesis of organic pharmaceutical compounds 
• Catalysis 
a Redox systems 
Q Electrodialysis 
a Hydrometallurgy 
a Effluent treatment 
a Ion selective electrodes 
• Chemical and biosensors 
a Ion memory effect 
a Ion exchange fibers 
• Ion exchange membranes 
• Membrane technology 
Q Proton conductors 
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1.7. ELECTRICAL CONDUCTION IN MATERIALS 
Materials show electrical conduction due to the movement of charge carriers on 
iq^plication of voltage as given by the basic equation -
a = q n n 
where o is electrical conductivity of material, n is the number of charge carriers, q is the 
charge and |ii is drift mobility of charge carriers. Drift mobility characterizes the ease 
with w^ch the charge carriers can move under the influence of applied electrical field. 
There are several carriers that contribute to the conductivity of the materials. Electrons 
and holes in the electronic conductors and cations and anions in ionic conductors. 
Mechanisms which have been employed to explain the electrical conduction in 
materials, include ionic conduction, band type conduction, hopping and excitonic 
conduction, quantum mechanical tunneling between metallic domains etc. 
1.7.1. IONIC CONDUCTION 
Ionic conduction is evident from the detection of the products of electrolysis 
formed due to discharge of ions as they arrive at the electrodes. But very low level of 
conductivity in polymers generally precludes such detection (i.e. >10*' o "'m'). 
1.7.2. ELECTRONIC CONDUCTION 
Electrical conduction in materials can be brou^t about by the electrons and/or 
holes. There are two kinds of electrons in a body viz. bonding electrons and valency 
electrons. Bonding electrons are component parts of a specific atom, ion or molecule. 
Valency electrons belong to the entire crystal or liquid and move quite fi-eely amongst 
atoms. Electrons passing from one ion to another in an ionic crystal do not behave like 
free electrons because their displacement in such a crystal is restricted and consists in 
the transfer of an electron from one atom to its neighbor. Electrons in the covalent 
ciystals cannot also be termed "free" electrons; e.g., in diamonds, tiie electrons binding 
the carbon atom though not restricted to specific positions, are relayed from one to 
another but caimot travel throughout the diamond crystal. Metals have a large number 
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of "free" electrons in them. These free electrons are able to move freely throughout the 
crystal lattice and, hence, do not belong to particular atontjs. As such, the resistivity of 
metals differs considerably from that of ionic covalent crystals. The high conductivity 
in metals is associated with the presence of these "free" electrons. The only electrons 
having this hig^ degree of freedom are those corresponding to the valence electrons in 
the atoms. 
In order to explain the electrical properties of materials, it becomes necessary to 
look at the changes in energy levels that occur when a large number of atoms are 
brought together to form a solid. It will be seen that energy levels in single atoms break 
up to form energy bands w^en a solid is formed. There are various models and 
mechanisms to account for electronic conduction in these materials such as band model, 
hopping and tunneling conduction as well as percolation mechanism. 
1.7.2.1. Band Theory: 
Electrical properties of materials may be discussed in the light of band theory 
quite successfrilly. To understand the behavior of the atoms, we take the example of 
hydrogen atom, which has the simplest electronic arrangement. When two hydrogen 
atoms come together so that there Is atomic orbitals overlap and two new a molecular 
orbitals (bonding and anti-bonding) are formed around the atoms (symmetrical with 
respect to the inter atomic axis) (Figure 1.13). In bonding orbital, electrons have lower 
energy than the energy of an isolated atom while in the antibonding orbital; electrons 
have higher energy than the energy of an isolated atom. The two electrons from 
hydrogen atoms if they are of opposite spin may pair in the bonding orbital to give a 
stable molecule with total energy less than the sum of the energies of hydrogen atoms. 
In solids, where many atoms strongly interact, similar splittings of energy occur. 
The sets of energy levels from two continuous energy bands, called the valance band 
and the conduction band analogous to the bonding and anti bonding levels of the 
diatomic molecules (Figure 1.14). The energy gap between them represents a forbidden 
zone for the electrons. The energy difference between the top of the valance band and 
the bottom of the conduction band is known as the band gap {Eg). An electron must 
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Fisnre 1.14 Molecular orbitals and bands in conjugated polymers. 
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obtain sufficient energy to i^omote it mC*!?; conduction Jj^ f^l^ ror conduction to occur 
(Figure 1.15). At absolute zero temperature, the bands below the energy gap (£^) are 
completely filled while conduction band is empty. In this situation, the current 
conduction is not possible. Conduction in empty conduction band does not occur 
because there are no current carriers while conduction can not take place as there is no 
higher energy level available for the electrons to occupy upon acceleration in 
completely filled valance band. If temperature is raised above absolute zero, thermal 
agitation increases and some valance electrons gain sufficient thermal energy to jump 
into the conduction band. Once electrons reach the conduction band, they can be 
accelerated to the higher energy states available in the conduction band, and, therefore, 
conduction occurs. The electrons in the conduction band are called free electrons and 
their former locations in the valance band are called holes. The vacancies in the valance 
band allow conduction in the valance band as well. Therefore, current carriers in this 
case are electrons as well as holes moving in the opposite direction. Forbidden gap 
between the top of valance band and the bottom of conduction band determines whether 
a material will behave as an insulator, a semi conductor or conductor. For insulators, 
band gap is large and promotion of the electron to the conduction band is not possible 
by thermal means or on application of voltage. 
With semi conductors, the band gap is moderate and limited conduction occurs. 
For a conductor, valance band and conduction overlap, i.e. band gap does not exist and 
electrons pass easily to the conduction band without the need for the promotion of 
electrons across the band gap. This is shown schematically in Figure 1.16. 
In metals, the conductivity decreases slightly with increasing temperature, 
because of the lattice vibration scatter electrons and their mobility goes down at higher 
temperature. Although, the mobility of charge carriers decreases with temperature in 
case of silicon for the same reason, the overall conductivity increases with temperature 
due to steep rise in carrier concentration. 
Another feature that is important in semiconducting materials is the occurrence 
of energy levels in the forbidden energy zone due to the presence of impurities. 
Deliberate doping which give donor states near the conduction band edge, can produce 
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enonnous increase in the population of conduction electrons or holes at a given 
temperature. This is an example of extrinsic conduction. 
1.7.2.2. Hopping Conduction: 
Disorders and tunneling in lattice affect both the energetic and spatial 
distribution of electronic states. If atoms are randomly distributed, the density of 
electronic energy states tails into the forbidden zone and the electrons in these tails are 
localized (Figure 1.17). Then, there are intermediate range of electronic energy states in 
v^ch mobilities are very low. Conduction is only possible if electrons are excited to 
higher energy state with greater mobilities. Conduction via localized electrons implies 
discrete jumps across an energy barrier from one site to the next. An electron may either 
hop over the top of the barrier or tunnel through the barrier shown in Figure 1.18. The 
mechanism of this conduction depends upon the shape of the barrier and the availability 
of thermal energy. This thermally activated type of mobility will increase with 
temperature [457]. 
1.7.2.3. Percolation Theory: 
The mechanism discussed above accounts for conduction in highly ordered 
materials only. However, the electrical conduction through bi-phasic systems 
(inhomogeneous systems) in which only one phase is conducting, depends on the 
concentration of conducting phase. Therefore, a sharp rise in electrical conductivity is 
observed at a critical concentration of conducting phase, the percolation threshold. 
The percolation model successfully describes the nature of electrical 
conductivity in conducting composites of conducting and non- conducting polymers 
[458]. In a carbon black composite the increase in electrical conductivity is not linear, 
instead a moderate increase is followed at a certain carbon black concentration by a 
sudden jump, which is again followed by moderate increase. This sequence of events 
was called percolation. The carbon black concentration at which the conductivity 
jumps is known as critical concentration (Oc). 
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58 
Percolation theory is a statistical and geometrical approach to explain the shape 
of the conductivity curve in composite materials. Percolation theory proceeds from a 
statistical distribution of the conducting particles, wiiich corresponds to a maximum of 
entropy. It, thus, denies any interaction between matrix and conducting particles. As the 
concentration of conducting particles increases, they become closer to each other and at 
the critical concentration (^c), they are finally sufficiently close together or even 
touching, with the results conductivity bridges form, leading to the conduction of 
charge-carriers [459] as evident from schematic diagram given in Figure 1.19. 
1.8. ELECTRICALLY CONDUCTING MATERIALS 
The ability of materials to conduct electricity varies widely allowing their 
classification into good conductors (metals), semiconductors and non-conductors 
(insulators). Another classification of solids may be based upon the number of current 
carrier (electrons). A conductor has a large number of current carriers and this number 
is independent of temperature. An insulator has relatively few numbers of current 
carriers at ordinary temperatures and a semiconductor has current carriers the number of 
which in a particular material depends on the temperature. 
We already know that electrical conductivity is one of the most important 
properties of metals. Silver has the highest electrical conductivity. Copper comes next 
and is similar to silver from the point of view of atomic structure. Aluminium, which is 
light and has a high conductivity, is rapidly becoming more important as a conductor 
material. Gold which has conductivity higher than that of aluminium but lower than that 
of silver or copper does not find use in electrical industry because it is expensive. 
The resistivity of metallic conductors at room temperature lies between 1.6 xlO"^  
to 100 X 10"^  ohm/cm. and that of insulators between lO' to 10** ohm/cm. The 
corresponding value for semiconductors is intermediate between those for conductors 
and insulators. It is the order of 0.01 - 50 ohm/cm. at room temperature. The resistivity 
of semiconductors is considerably more sensitive to changes in temperature than is the 
case for metals. As a result compact temperature measuring instruments using 
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Figure 1.19 Schematic diagram of a percolation curve in 
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semiconducting thermal resistors (thermistors) may be constructed. At high 
temperatures, the number of current carriers in a semiconductor is fairly large whilst at 
low temperatures this number is relatively small. The number of current carriers in a 
semiconductor, however, is many orders of magnitude smaller than in a conductor. 
Superconductivity was first observed by K. Onnes in 1911; on cooling a sample 
of mercury below 4.2K the resistivity of the metal suddenly decreased to an 
immeasurably small value. Since then many metals and their alloys, many compounds 
have been found which have zero resistance below a certain critical temperature, Tc. 
Electrical conductivities of various elements, compounds and polymers are 
shown in Figure 1.20. 
1.8.1. ELECTRICALLY CONDUCTING POLYMERS 
Polymers have traditionally been utilized in electrical and electronic applications 
11 1 ft 
in view of high resistivity (their electrical conductivity lies in the range of 10' to 10" 
Scm') and excellent dielectric properties. Research and development have 
demonstrated the possibility of obtaining polymers with almost properties typical of any 
structural material, semiconductor or metal. However, due to the electrical insulating 
properties, polymers remain unsuccessful in replacing metals and semiconductors in 
electrical and electronic applications. Field of electric conducting polymers has 
developed to the extent that the Noble prize for the year 2000 has been devoted to this 
field. The first account of observation of the electrical conductivity was reported in 
1800s when it was seen that by incorporation of carbon black, the conductivity of 
natural rubber could be enhanced. The combination of electronic and optical properties 
of the semiconductors with the mechanical properties and the processibility of the 
polymers makes conjugated polymers rather unique and potentially useful for a v^ ide 
array of applications [460-462]. Conjugated polymers such as polyacetylene, 
polyphenylene, polythiophene, polypyrrole, polyaniline etc. possess a backbone that can 
produce, sustain and assist the motion of charge carriers in the form of electrons or 
holes (Figure 1.21). 
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Polyaniline: 
In recent years, polaniline has attracted much attention [463-465] on account of 
its ability, under certain conditions, to exhibit a high level of electrical conductivity 
[466] having potential applications such as in the fabrication of novel batteries. 
Although polyaniline was first produced in the nineteenth century, interest in this 
polymer and its derivatives did not really begin to develop until the mid-1980s. Several 
chemical methods exist for the preparation of polyaniline although the preffered method 
utilizes electrochemical polymerization. It is known to exist in a variety of forms 
differing in color, some of which are not electrically conducting are shown in Figure 
1.22. Under appropriate conditions the so called emaraldine base form of the polymer 
reacts with dilute acids to give corresponding emaraldine salts, with protonation of the 
nitrogen atoms. This reaction is accompanied by a 9-10 order of magnitude increase in 
conductivity to 1x10^-5x10^ S m"'. Key attractions of polyaniline are the relatively low 
cost of the synthetic route from aniline and the fact that it has very important features 
that distinguish it from other conductive polymers. 
Polypyrrole: 
Polypyrroles have prompted considerable research because they are a group of 
polymers that can be easily produced in the doped state. It can be prepared by the 
electropolymerization of pyrrole and it is then obtained as highly colored dense 
conducting films. It can also be prepared by chemical methods. Conductivities of this 
polymer have been reported up to 10'* S m"' 1467J. One of the principal advantages of 
polypyrrole over other doped polymers is its excellent thermal stability in air. It is 
thermally stable up to 250 °C. Although chemical analysis of polypyrrole varies with 
preparative conditions, elemental analyses have indicated that the pyrrole rings remain 
intact with each unit being connected by its a- carbons (Figure 1.23). 
1.8.2. ELECTRICALLY CONDUCTING COMPOSITE MATERIALS 
Although, the conjugated backbone is responsible for their electro-active 
character, the inherent instability is also due to highly unsaturated backbone of 
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conjugated polymers. Stability problems have, therefore, caused may research groups to 
search for conjugated polymers of high stability. To meet the demand of materials of 
improved performance, explosive research is going on to synthesize the composites 
(combinations of desirable properties of each component) of 'organic-organic' and 
"^organic-inorganic^ nature. 
Conducting composites may be prepared by mixing a conducting material in an 
insulating or a conducting polymer matrix. The insulating polymer matrix acts as a solid 
adhesive, keeps the conducting components together and provides mechanical strength 
without any contribution in electrical conduction. Thus, when one or more materials 
(for e.g. insulating polymers, organic molecules, metal powder, inorganic compounds 
etc.) is combined with electrically conducting polymer matrix to produce a new 
conducting material with different physical, mechanical, thermal and electrical 
properties. 
The simplest conducting composite consists of a fine metal powder dispersed 
uniformly throughout an insulating plastic matrix. Composite based on silver powder 
can be made with conductivity as high as 10^  S m"' at a loading of 85% by weight, 
where the insulating matrix serves essentially as a glue to hold the metal powder in 
position without disrupting the metal-metal contact. The metal powder composites are 
unsatisfactory in many applications because of poor mechanical strength and high level 
of conductivity (the electrical conductivity could be achieved on the cost of mechanical 
properties). Thus, a conmion requirement for composite materials is to use them as 
antistatic materials that have good plastic properties, sufiRcient conductivity required to 
allow the charges to leak away and sufficient resistivity to prevent dangerous shocks. 
Electrical conductivity in polymers, for example in natural rubber, was first reported in 
1800s when enhanced electrical conductivity was observed in natural rubber on 
incorporation of carbon black. The use of natural rubber filled with acetylene black 
began in around 1930s as an antistatic device where it was necessary to prevent the 
hazard of sparks due to the build up of static electricity. The art of making a good 
conducting composite is to be able to use the minimum quantity of conductive 
component to achieve the required degree of electrical performance. Hence, there are 
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two main factors related to it - (a) quantity of inter-particle contacts and (b) shape and 
size of conductive particles [4571. Some electrically conducting 'organic-inorganic' 
composites have been recently reported in literature [468 - 487]. 
Applications; 
Besides electrical conductivity like metals, conducting polymers and composites 
have emerged as fascinating materials due to a wide range of other desirable properties 
such as architectural flexibility, environmental stability, ease of fabrication, light 
weight, mechanical properties and so on. Therefore, these materials are finding 
applications from coating to lubricants to solid-state technology to biotechnology. Some 
possible application of electrically conducting polymers and composites are given in the 
Table 1.2 and some schematic diagrams of the electronic devices in which these 
materials are used are shown in Figure 1.24,1.25,1.26 & 1.27. 
1.8J. ELECTRICALLY CONDUCTING POLYMERS AND COMPOSITES 
BASED ON THESE POLYMERS AS ION -EXCHANGERS: 
The ion exchange behavior during charging and discharging processes of 
conducting polymers, e.g. polyanitine and polypyrrole, has been widely studied in 
recent years [488 - 499). It was found that the conducting polymers exchange both 
anions and cations depending on the poljinerization conditions, the type and size of the 
counter ions incorporated during the polymerization process as well as on the ions 
present in the electrolyte solution, the polymer thickness and the aging of the polymer. 
By an ap}H^ o{xiate chice of counterion conducting polymers can be tail(»«d to work as 
anion or cation exchangers. Polyaniline (PAni) and polypyrrole (PPy) can work as 
anion exchangers, whereas PAni and PPy modified with polyanions in the polymeric 
complexes such as poty(vinyl sulfomc acid), poly(styrenesulfom'c acid), poIy(acrylic 
acid), poly(methacrylic acid), poly(2-acryamido-2-methyl-l-propenesulfonic acid), 
poly(methylacrylate-co-acrylic acid) and also inorganic polanions, work as cation 
exchangers [490,491,496,499) (Figure 1.28 &. 1.29). Such a modified polymer can be 
applied as electrochemically switchable ion exchanger based on electrically conducting 
polymers [489,490,494,497,498} for water treatment; especially water softening. 
an 
Table-1.2.Possible application of some important electrically conducting 
polymers. 
Polymers 
Polyacetylene 
Polyaniline 
Polypyrrole 
Polythiophene 
Polyphenylene 
Possible Application 
Rechargeable batteries, Photovoltaics, 
Gas sensors. Solar cells, Optoelectronics, 
Chemical indicators. Radiation detectors, 
Schottky diodes. 
Rechargeable batteries, Electrochromic 
devices, Bio-sensors, Conducting textiles, 
Solar cells. Indicators. 
Rechargeable batteries. Conducting 
textiles, Photovoltaics, Field effect 
transistors. Electroplating, Printed circuit 
board. Electromagnetic shielding, 
Adhesives, Fillers, Transparent coatings, 
Gas sensors. Solar cells. Optoelectronics, 
Chemical indicators. 
Radiation detectors, Schottky diodes. 
Rechargeable batteries. Display devices. 
Field effect transistors. Gas sensors, 
Optoelectronics, 
Schottky diodes. Fillers, Photocatalysis. 
Rechargeable batteries. Solid lubricants. 
Fillers, Photocatalysis. 
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Figure 1J24 A schematic diagram of poiyaniline-iithium battery. 
Figure 1^5 A schematic diagram of a conducting polymer based 
conductimetric sensor device. 1. Catalytic layer, 
2. Conducting polymer layer, 3. Reference electrode, 
4. Working electrode and 5. EPSIS. 
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Figure 1.26 A schematic diagram of conducting polymer based 
photovoltaic device (solar cell). 1. Transparent protection 
rilm, 2. Aluminium film, 3. Doped conducting polymer film, 
4. gold electrode, 5. Transparent protection film and 
6. Electrical contacts, 7. Electrical connector, 
8.Voltmeter and 9. Load. 
Figure 1.27 A schematic diagram of a single-layer conducting polymer 
based light emitting diode (LED). 1. Al/Mg/Ca metal film, 
2. conducting polymer layer, 3. Indium-tin-oxide coated 
4. Glass substrate and 5. Electrical contacts. 
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strand #2'- Anionic vinyl copolymer 
H / ^ H 
Strand #1: Polyaniline radical cation 
Double Strand Electroactive Polymer 
Figure 1.28 Side-by-side molecular complex ofpolyaniline and a functionalized 
polyanion working as cation-exchanger 
reduction 
(cation absorption) 
oxidation 
(regeneration) 
Figure 1.29 Polypyrrole with incorporated PSS ~ counterions working as cation-
exchanger 
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1.9. OBJECTIVE AND SCOPE OF PRESENT INVESTIGATION 
The progress of mankind today is directly or indirectly dependent on advanced 
technology materials that perform better and open new dimensions in research and 
development. The materials that are used as ion exchangers have attained an 
appreciable status in current research because they have become a part and parcel of a 
number of laboratories and industrial units in one way or other. It is now beyond 
imagination that these may work without ion exchange materials. The disciplines like 
analytical chemistry, electro-analytical, medical, agriculture, potable water, power 
generation, textile and environmental etc. have been using these materials which belong 
to organic as well inorganic origin. Both origins exhibit merits and demerits over one 
another in practice. Organic ion exchangers (ion exchange resin) have higher ion 
exchange capacity, chemical stability and better regeneration characteristics, while 
inorganic ion exchangers exhibit higher thermal and radiation stability, rigid structure 
and undergo for negligible sewelling. Inorganic ion exchangers of double salts, based 
on tetravalent metal acid salts often exhibit much better ion exchange behavior as 
compared with single salts. 
In order to get combination of these advantages and to increase interlayer 
distances of layered inorganic ion exchangers to accommodate large species or 
complexes, 'organic-inorganic' hybrid ion exchangers have been developed by 
incorporation of organic monomers in the inorganic matrices. The introduction of 
various organic polymers, chelating or intercalating agents boost the selectivity towards 
particular ionic moiety, and the development in their synthesis employing a conducting 
polymer (such as polyaniline , polypyrrole etc.) to the matrices which provides much 
better mechanical and granulometric properties. This type of ion exchange materials fall 
under the category of composite ion exchange materials and have been used in heavy 
metal ions separations, pre-concentrations as well as metal recovery from various 
systems to decrease the pollution load in the environment. 
Now a days these materials have been used as electroactive phase in the 
preparation of potentiometric sensors, i.e., gas sensors, chemical sensors, bio-sensors. 
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ion sensors as well as ion-selective electrodes which are of vital analytical and 
environmental interest. The integration of chemically sensitive membranes with solid 
state electronics has led to the evolution of miniaturized, mass produced potentiometric 
probes known as ion selective field effect transistors (ISFETs). 
These types of composite materials having conducting behavior also show 
various i^)plications in electronic and photonic systems. Most of them show the 
electrical conduction behavior in the semiconductor region and hence they can be used 
as semiconducting materials. 
In view of the above mentioned facts and after careful scrutiny of literature, we 
have chosen the problem entitled: "Ion exchange and electrical behavior of some new 
and novel organic-inorganic composite materi als". The work has been carried out -
> to prepare the oi^anic-inorganic composites based on polyaniline and 
polypyrrole 
> to characterize the composite materials by various instrumental analysis 
(e.g. FTIR, X-ray, TGA-DTA, AAS, Elemental analysis etc.) 
> to study the ion exchange properties and analytical applications of these 
materials 
> to study their electrical properties 
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Chapter 2 
SYNTHESIS, CHARACTERIZATION AND 
ANALYTICAL APPUCATIONS OF 
SOME NEW AND NOVEL 
"ORGANIC-INORGANIC' COMPOSITE 
CATION EXCHANGE MATERIALS BASED ON 
POLYANILINE AND POLYPYRROLE 
2.1. INTRODUCTION 
E?q>loration of inorganic ion exchangers is always of interest because of their 
ai^lications in diverse fields such as purification of nuclear reactor cooling water at 
high temperatures and pressure [IJ, development of ion selective electrodes [2], 
construction of ion exchange membranes and their applications to electrodialysis [3], 
extraction of uranium from sea water [4] and separation of metal ions [5] etc. 
Advancement in inorganic ion exchangers is not only due to their high thermal stability 
and resistivity towards radiation fields but also for their unusual selectivity for iom'c 
species and versatility in separation [6J. The organic ion exchangers are well known for 
their uniformity, chemical stability and easy control over their ion exchange properties 
throu^ synthetic method [7]. 
Inorganic ion exchangers of double salts, based on tetravalent metal acid salts 
(TMA) often exhibit much better ion exchange behavior as compared with single salts 
[8]. E)erivatization of inorganic ion exchangers by organic molecules depends on the 
nature of the inorganic matrix. TMA salts can be derivatized by organic moieties 
bearing inorganic groups such as -OH, -COOH, -SO3H, -NH2 etc. which also act as ion 
exchangers are Imown as organo-inorganic ion exchangers or derivatized tetravalent 
metal acid (DTMA) salts. 
Interest on DTMA salts stems from the fact that the inorganic backbone provides 
a stable and relatively inert anchor for the organic moiety and interlayer distance of 
layered inorganic ion exchangers is also increased so that large species or complexes 
could be exchanged Many organic-inorganic composite ion exchangers have been 
developed earlier by incorporation of organic monomers in the inorganic matrix, by 
way of pillaring or non-pillaring methods [9-19]. 
Efforts have been made to improve the chemical, thermal and mechanical 
stability of ion exchanger and to make them highly selective for certain metal ions. 
Hahn and Klein [20] introduced organic amines in place of ammonium ion in 
ammonium hexacyanoferrate (II) compound of cobalt (H) and reported that organic 
amine compounds have excellent exchange properties of "^Cs. Amine tin (II) 
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hexacynofeirate (II) [21], amine tin (IV) hexacynoferrate (H) [22J, tin (IV) 
diethanolamine [23), iron (HI) diethenol amine [24], anilinium tin (IV) phosphate [25], 
and polyaniline tin (IV) arsenophosphate [26] have already been reported and utilized 
for the separations of metal ions. 
An inorganic ion-exchanger based on organic polymeric matrix must be an 
interesting material, as it should posses the mechanical stability due to the presence of 
organic polymeric species and the basic characteristics of an inorganic ion exchanger 
regarding its some selectivity for some specific metal ions. It was therefore considered 
to synthesize such hybrid ion exchangers with a good ion exchange capacity, high 
stability, reproducibility and selectivity for heavy metal ions indicating its useful 
environmental application. A number of organic-inorganic composites based on 
Polypyrrole and Polyaniline have been synthesized in our laboratory. But detailed 
studies have been carried out only on "Polyaniline tin (FV) timgstoarsenate". 
This composite material in the granular form suitable for column separation has 
been synthesized by mixing polyaniline gel into inorganic gel material under varying 
conditions. This material is characterized by chemical composition through elemental 
analysis, AAS, spectral analysis (FTIR), TGA-DTA and X-Ray analysis in addition to 
ion exchange capacity, pH -titration, elution behavior, etc. Its chemical stability has 
been assessed in various acidic, alkaline and organic media. Distribution behavior 
towards several metal ions has been studied in different electrolyte concentrations and 
on the basis of wtdch metal ion separations have been carried out its column. 
Distribution studies reveal the exchanger to be highly selective for Cd^^ . Cadmium is 
considered as highly toxic element and responsible for several cases of poisoning 
through water, food and smoking. When excessive amounts of Cd^ "^  are ingested, it 
replaces Zn at key enzymatic sites, causing metabolic disorders, kidney damage, renal 
dysfunction, anemia, hypertension, bone marrow disorders, cancer and toxicity to 
aquatic biota. Cadmium is released into the atmosphere from smelters and factories 
processing Cd and also from the incineration or disposal of cadmium-bearing products. 
Cadmium enters natural water through industrial discharges mainly from electroplating 
industry and nickel-cadmiimi battery industry or the deterioration of galvanized water 
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pipes. Cd is therefore a potential pollutant in the environment. This ion exchange 
material can be used for the separation of this toxic element from the other metals. The 
following pages summarized synthesis, ion exchange properties and analytical 
application of this material. Its utility has also been explored for the quantitative 
separation of Cd^ ^ from some binary mixtures on its column. 
2.2 EXPERIMENTAL 
2.2.1. CHEMICALS AND REAGENTS 
The main reagents used for the synthesis were -
Stannic (IV) chloride, SnCU. SHzO (97.5%) 
Thorium nitrate, Th(N03)4. SRiO (99%) 
Potassium pyroantimonate, KSb(0H)6 (98.5%) 
Sodium arsenate,Na2HAs04.7H20(98.5%) 
Sodium tungstate, Na2W04.2H20 (98%) 
di-Sodium hydrogen phosphate, Na2HP04 (99%) 
Ortho-phosphoric acid, H3PO4 (88%) 
Sodium meta-silicate, NaSi03.9H20(99%) 
Pyrrole, C4H5N (98%) 
Aniline, C6H5NH2 (99%) 
Carbon tetra chloride, CCI4 (99%) 
Ferric chloride, FeClj (96%) 
Potassium persulphate, K2S2O8 (98%) 
CDH (India) 
GSC (India) 
LOBA CHEMIE(India) 
LOBA CHEMIE(India) 
E- MERCK(India) 
LOBA CHEMIE(India) 
CDH(India) 
LOBA CHEMIE(India) 
SRL(India) 
QUALIGENS(India) 
CDH(India) 
CDH(India) 
CDH(India) 
All other reagents and chemicals were of analytical reagent grade. 
2.2.2. INSTRUMENTATION 
The following instruments were used for various studies made for chemical 
analysis and characterization of material. 
• A digital pH meter - Elico (India), model LI-10; was used for measuring pH. 
• UVAAS spectrophotometer - Elico (India), model EI-301E; was used for 
quantitave analysis. 
a FTIR spectrometer - Nicolet (U.S.A.), model 400D; was used for recording 
FTIR spectra. 
a Elemental analyzer - Carlo-Erba, model 1180; was used for C, H and N 
analysis, 
a E)ouble Beam Atomic Absorption spectrophotometer (AAS) - GBC (Australia), 
model 902; was used for the quantitative determination of Pb^^ Cd^^ , Cu^ *, Cr^ ^ 
Hg'^Ni'^Mn^Zn'*. 
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o A digital flame photometer - Elico (India), model CL 22D; was used for the 
quantitative determination of Na^ K ,^ CZL^. 
a A theimal analyzer - V2.2A DuPont 9900; was used for DTA and TGA 
analysis. 
Q An X-iay diffiractometer - Phiillips (Holland), model PW 1710 with Cu Ka 
radiations; was used for recording powder X-ray diffraction pattern. 
Q A digital muffle ftimace - was used to study the heating effect on ion exchange 
capacity of the material. 
Q An automatic temperature controlled electronic shaker with stainless steel body 
- Eicon (India). 
a A magnetic stirrer 
• An air oven - Labquip (India). 
Q An electronic balance (digital) - Sartorius (Japan), model 21 OS. 
Q A mortar pastel 
2.2.3. PREPARATION OF THE REAGENT SOLUTION 
Decimolar solution of sodium arsenate, di-sodium hydrogen phosphate, sodium 
tungstate, sodium meta silicate, ferric chloride were prepared in demineralized water 
(doubly distilled) while decimolar solution of stannic chloride, thorium nitrate were 
prepared in 4M HCl and in IM HNO3 respectively. Solutions of 10% aniline (doubly 
distilled) and O.IM potassium persulphate were prepared in IM HCl and 33.33% 
[tyrrole solution was prepared in CCI4. 
2.2.4. SYNTHESIS OF 'ORGANIC-INORGANIC ION-EXCHANGERS 
Various samples of 'organic- inorganic' composite ion-exchangers have been 
synthesized by incorporating Polypyrrole and Polyaniline with different inorganic 
precipitate materials. 
2 J.4.1. PREPARATION OF VARIOUS INORGANIC ION-EXCHANGER 
PRECIPITATES: 
(ij Synthesis of Tin (IV) arsenophosphate: A precipitate of tin (IV) 
arsenophosphate was prepared by mixing the same volume ratios of O.IM stannic 
chloride, O.IM di-sodium hydrogen phosphate solutions with continuous stirring at 
room temperature (25 ± 2 °C). The pH of the mixture was adjusted at a range of ~1 by 
adding aqueous ammonia with constant stirring. 
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[ii] Synthesis of Tin (FV) pliosphate: The white gel of tin (IV) phosphate was 
obtained by mixing the solutions of O.IM stannic chloride and O.IM di-sodium 
hydrogen phosphate of same volume ratios. The conditions were applied as described in 
the previous method. 
[iii] Synthesis of Tin (TV) arsenate: Tin (IV) arsenate precipitate gel was 
prepared by adding O.IM solution of stannic chloride to a solution of O.IM sodium 
arsenate. The synthesis was carried out in the same condition as above. 
[iv] Synthesis of Tin (IV) arsenosilicate: A sample of tin (IV) arsenosilicate 
was prepared by mixing the solutions of O.IM stannic chloride, O.IM sodium arsenate 
and O.IM sodium meta silicate in the same volume ratios. The conditions applied for 
this synthesis were also same. 
[vj Synthesis of Tin (IV) phosphosilicate: Another sample of tin (IV) 
phosphosilicate was obtained by mixing O.IM solution of stannic chloride, O.IM 
solution of di-sodium hydrogen phosphate and O.IM solution of sodium meta silicate of 
the same volume ratios in the same conditions as applied above. 
[vi] Synthesis of Thorium (IV) arsenophosphate: A white precipitate of 
thorium (IV) arsenophosphate has been synthesized by the mixing the solutions of same 
volume ratios of O.IM thorium nitrate, O.IM sodium arsenate and O.IM di-sodium 
hydrogen phosphate in the same conditions described in the first method. 
[vii] Synthesis of Thorium (IV) arsenate: Thorium (IV) arsenate gel was 
obtained when the solutions of 0. IM thorium nitrate and 0. IM sodium arsenate were 
mixed in the same volume ratios and conditions as followed in the earlier methods. 
[viiij Synthesis of Thorium (FV) phosphate: The white precipitates of thorium 
(rV) phosphate with great usefulness were prepared by mixing O.IM thorium nitrate 
solution to O.IM di-sodium hydrogen phosphate solution at room temperature and also 
to 2M phosphoric acid solution at 85 °C in the same volume ratios. 
100 
[ix] Synthesis of Thorium (IV) arsenosilicate: A sample of thorium (IV) 
arsenosilicate was prepared by mixing the solutions of O.IM thorium nitrate, O.IM 
sodium arsenate and O.IM sodium meta silicate under the same conditions described as 
earlier. 
[x] Synthesis of Thorium (IV) phosphosilicate: Thorium (TV) phosphosilicate 
precipitate was obtained when the solutions of O.IM thorimn nitrate, O.IM di-sodium 
hydrogen phosphate and O.IM sodium meta silicate were mixed in the same volume 
ratios under the same conditions. 
[xi] Synthesis of Polyantimonic Acid: An important inorganic precipitate gel 
of polyantimonic acid may be prepared by several procedures -
a By dissolving 0.2M potassium pyroantimonate [KSb(OH)6] in boiling water, a 
clear solution is obtained; this is left for 24 hours and then mixed vsith the same 
volume of 1.5M HCl solution containing 8.5M NH4CI. Mixing under continuous 
stirring causes formation of a white gel. 
a The same product of polyantimonic acid may be obtained by dissolving 0.05 
mole to 0.2 mole of potassium pyroantimonate in 5.8M HCl. The solutions were 
kept overnight at room temperature (25 ± 2 °C) and some solutions were 
refluxed for 16 hours and thereafter neutralized with cone. NH4OH until a 
residual acidity of 0.75M HCl was obtained. A wiiite gel was obtained in each 
case. 
Q In the third method, O.IM potassium pyroantimonate was dissolved in DMW 
and passed through a cation exchanger (Dowex 50 W-X-2) in the hydrogen 
form; the acidic solution thus obtained was left to stand at 70-90 °C for at least 
24 hours; the white gel was formed by evaporation. 
[xii] Synthesis of Tin (IV) tungstoarsenate: Another interesting inorganic 
precipitate ion exchanger. Tin (IV) timgstoarsenate was prepared at room temperature 
(25 ± 2 "C) by adding the solution of O.IM staimic chloride to an aqueous mixture of 
0. IM sodium arsenate and 0. IM sodium tungstate in the same volume ratios and at pH 
~1. The precipitate was obtained vAien the pH of the mixture was adjusted by adding 
aqueous ammonia vdth constant stirring. 
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UlAJL PREPARATION OF POLYPYRROLE BASED COMPOSITE 
CATION EXCHANGERS: 
Aj^oximately 33% solution of pyrrole in different ratios was mixed thoroughly 
with the inorganic precipitates of Tin (IV) arsenophosphate; Tin (IV) arsenate; Tin (FV) 
phosphate; Tin (TV) arsenosilicate; Tin (IV) phosphosilicate; Tin (IV) tungstoarsenate; 
Tin (IV) tungstate; Thorium (IV) arsenophosphate; Thorium (FV) arsenate; Thorium 
(FV) phosphate; Thorium (IV) arsenosilicate; Thorium (fV) phosphosilicate and 
Polyantimonic acid, to which O.IM FeCU (ferric chloride) solution was added drop 
wise. Continuous stirring was done during the addition of ferric chloride solution, 
slowly the vMte inorganic precipitate gels turned to black. The reaction mixtures were 
then kept for 24 hours under ambient conditions (25 ± 2 °C). Now these polypyrrole 
based composite gels were filtered off washed thoroughly with DMW to remove excess 
acids and any adhering traces of ferric chloride. The washed gels were then dried at 50 
"C in an oven. The dried products were immersed in DMW to obtain small granules. 
These were converted to the H* form by placing it in IM HNO3 solution for 24hr with 
occasional shaking intermittently replacing the supernatant liquid with a fresh acid. The 
excess acid was removed after several washings with DMW. The materials also finally 
dried at 50 °C and sieving to obtain particles of particular size range (50-70 mesh). 
Tables 2.1 and 2.2 have summarized the synthesis of a number of composite 
exchangers based on Polypyrrole. 
2.2.43. PREPARATION OF POLYANILINE BASED COMPOSITE 
MATERIALS: 
At first, the gel of polyaniline was prepared by mixing the acidic solutions of 
10% doubly distilled aniline (C6H5NH2) and 0. IM potassium persulphate (K2S2O8) with 
continuous stirring by a magnetic stirrer below 10 "C for an hour. The green colored 
polyaniline gel was obtained. 
After then, the gel of polyaniline was added and mixed thoroughly with constant 
stirring to the inorganic exchanger precipitate gels of Tin (TV) arsenophosphate; Tin 
(IV) arsenate; Tin (FV) phosphate; Tin (FV) arsenosilicate; Tin (FV) phosphosilicate; Tin 
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(IV) tungstoarsenate; Tin (IV) tungstate; Thorium (IV) arsenophosphate; Thorium (IV) 
arsenate; Thorium (IV) phosphate; Thorium (IV) arsenosilicate and Thorium (IV) 
phosphosilicate. The resultant green colored gels were allowed to settle overnight at 
room temperature (25± 2 ^C). The supernatant liquid was decanted and the gel was 
filtered under suction and washed with IM HNO3 to ensure the removal excess reagent. 
The excess acid was removed by washing with DMW and again washed with acetone 
by soxhalation. The materials were dried in an air oven at 50 °C for 48 hours. The dry 
products were crushed into small granules of uniform size suitable for column 
separations vs^en inmiersed in DMW. They were then treated with large excess of IM 
HNO3 for 24hr at room temperature with occasional shaking, intermittently replacing 
the supernatant liquid with a fresh acid to ensure the complete conversion to H*- form. 
The excess acid was removed after several washing with DMW. The materials were 
finally dried at SO °C in the oven and sieving to obtain particles of a particular size 
range (50- 70 mesh) before fiirther studies. Table 2J summarized the some newly 
synthesized Polyaniline based 'organic-inorganic' composite materials as hybrid cation 
exchangers. 
On the basis of high percentage of yield, good ion exchange capacity and greater 
chemical and mechanical stability, Polypyrrole-Polyantimonic acid [Sample (11)*^  in 
Table 2.2] and Polyaniline Tin (iv) tvmgstoarsenate [Sample (16) in Table 23] were 
chosen for fiirther studies. But in thb endeavor, only we have discussed in detail 
about the preparative conditions, ion-exchange properties, physico-chemical 
properties and analytical applications of Polyaniline - Tin (TV) tungstoarsenate, a 
new and novel *organic-inorganic' composite cation exchange materiaL Various 
samples of Polyanilie-Tin (iv) tungstoarsenate have been prepared by changing the 
mixing volume ratios and pH of the mixture. Amongst the various samples of 
Polyaniline-Tin (iv) tungstoarsenate. Sample - (16)"* was selected due to its higher Nat-
ion exchange capacity (1.67 meq. gm'), appearance, stability and reproducibility. 
Table 2.4 shows the preparative conditions and other properties of this material. 
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2.2.5. ION-EXCHANGE PROPERTIES 
2.2.5.1. Ion-Exchange Capacity ( lEC): 
This was determined as usual by the standard column process. One gram (Ig) of 
the dry exchanger, sample 16'*, in the hydrogen (HT) form packed in a glass tube of 
internal diameter ~1 cm and height of 50 cm, fitted with the glass wool at its bottom. 
Metal nitrate solutions as eluants were used to elute the it ions completely from the 
exchanger column, maintaining a very slow flow rate (8-10 drops or -0.5 ml per 
minute). The total H*- ions liberated in the effluent were determined titrimetrically 
against a standard alkali solution using phenolphthalein indicator. The H -^ ion 
absorption capacities were determined in a reverse manner by taking the ion exchanger 
in different metal ion forms. Table 2.5 summarized the value of DEC for various metal 
ions. 
2.2.5.2. Effect of Eluant Concentration: 
To find out the optimum concentration of the eluant for complete elution of H^ 
ions, a fixed volume (250ml) of NaNOs (sodium nitrate) solution of varying 
concentrations were passed through a column containing Ig of the exchanger in the Vt-
form with a flow rate of -0.5 ml min'V The effluent was titrated against a standard 
alkali solution for the K*^  ions eluted out. A maximum elution was observed with the 
concentration of IM NaNOs solution as indicated in Table 2.6. 
2.2.5J. Elution Behavior: 
Since with optimum concentration for a complete elution was observed to be IM 
(Table 2.6), a column containing Ig of the exchanger in H -^ form was eluted NaNOs 
solution of this concentration in different 10ml fractions with minimum flow rate as 
described above. This experiment was conducted to find out the minimum volume 
necessary for almost complete elution of H^ ions, which determines the exchange 
efficiency of the column. 
2.2.5.4. pH - Titration: 
pH - titration were performed by the method of Topp and Pepper [27]. Five 
hundred milligrams (500mg) of the exchanger were placed in each of the several 250ml 
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Table 2.5 
Ion-Exchange Capacity of Various Exchanging Ions on Polyaniline -
Tin (IV) Tungstoarsenate Cation Exchanger 
S.No. 
I. 
2. 
3. 
4. 
5. 
6. 
7. 
Exchaoging 
Ions 
Li^  
Na^  
K^  
Mg^ ^ 
Ca^ " 
Sr^ ^ 
Ba^ ^ 
pHofthe 
Metal 
Solutions 
6.7 
6.7 
6.8 
6.5 
6.5 
6.3 
6.3 
Ionic 
radii 
(A") 
0.68 
0.97 
1.33 
0.78 
1.06 
1.27 
1.43 
Hyd rated 
Ionic radii 
(A») 
3.40 
2.76 
2.32 
7.00 
6.30 
-
5.90 
LE.C. 
(meq. dry gm*) 
H^ liberation 
1.46 
1.67 
1.54 
1.73 
1.78 
1.86 
2.03 
H^ absorption 
1.41 
164 
1.55 
1.75 
1.79 
1.88 
2.00 
Table 2.6 
Effect of Eluant Concentration on Ion-Exchange Capacity of 
Polyaniline Tin (IV) Tungstoarsenate Cation Exchanger 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Molar concentration of NaNOs 
0.25M 
0.50M 
0.75M 
LOOM 
1.25M 
1.50M 
2.00M 
Na^ ion exchange capacity 
(meq. dry gm') 
0.70 
0.92 
1.22 
1.67 
1.67 
1.67 
1.67 
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conical flasks, followed by equimolar solutions of alkali metal chlorides and their 
hydroxides in different volume ratios, the final volume being 50ml to maintain the ionic 
strength constant. The pH of the solution was recorded after shaking for 6 hours in a 
shaker at room temperature and pH u^ as plotted against the milliequivalents of OH' -
ions added. 
2.2.6. PHYSICO-CHEMICAL PROPERTIES 
2.2.6.1. Chemical Stability: 
Two hundred and fifty milligrams (250mg) portions of the exchanger material in 
H*-form were equilibrated with 25ml each of different acids (such as HCl, HNOj, 
H2SO4, acetic acid, formic acid, oxalic acid and citric acid); bases (such as NaOH, 
KOH); organic solvents (such as alcohol, acetone, dimethyl sulphide) and also NH3 and 
DMW for 24 hours with occasional shaking. The supernatant liquid was analyzed for 
'tin' and 'arsenic' by atomic absorption spectrophotometer while 'tungsten' was 
analyzed by standard spectrophotometric method f28]. 
2.2.6.2. Thermal Stability: 
To study the effect of drying temperature on the I.E.C., Ig samples of the 
material in H -^form were heated at various temperatures in a muffle fiimace for 1 hour 
each and the Na^-ion exchange capacity was determined as above by column process 
after cooling them at room temperature. 
2.2.63. Chemical Composition: 
After dissolving in hot concentrated hydrochloric acid, the material was 
analyzed for 'tin' and 'arsenic' by atomic absorption spcctroiAotometcr (AAS) and 
'tungsten' by standard spectrophotometric method. Carbon, hydrogen and nitrogen 
contents of the exchanger material were determined by elemental analysis. The percent 
composition of the material was given in Table 2.7. 
2.2.6.4. FTER (fourier transform infra red) Studies: 
The FTIR spectra of Polyaniline tin (FV) tungstoarsenate in the original form, 
H -^ form and Na*- form dried at 50 °C were performed using KBr disc method at room 
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temperature. IR spectra of Polyaniline Tin (IV) tungstoarsenate [sample (16)**] in H -^
form dried at different temperatures (100, 200 and 300 °C) were also performed. Peaks 
positions (cm'') found in different FTIR and IR spectra are given in Table 2.8. 
FITR spectra of Polypyrrole-Polyantimonic acid [Sample (11)*^ ] in H -^form at 
room temperature were recorded and shown in Figure [see Appendix -1]. 
2.2.6.5. X-ray Analysis: 
Powder X- ray diffraction pattern was recorded for the sample (16)*' in the 
original form by a PW 1710 based diffractometer with Cu Ka radiation. 
2.2.6.6. Thermal (TGA and DTA ) Studies: 
Simultaneous TGA and DTA studies of the exchanger in original form were 
carrioi out by an automatic thcrmobalance which recorded the percent weight loss and 
nature of reactions (exothermic or endothermic) that occurred in the sample on heating 
the material at a constant rate (15 °C/minute) in the air atmosphere. 
2.2.6.7. Distribution (sorption) Studies: 
The distribution coefficients (K<i-values) of metal ions on Polyaniline tin (IV) 
tungstostfsoiate were determined by batch method in various solvent systems. Various 
200mg portions of the exchanger in the H -^form were taken in Erlenmeyer flasks with 
20ml different metal nitrate solutions in the required medium and kept for 24 hours with 
intermittent shaking or continuous shaking for 6 hours in a shaker at 25 ± 2 °C to attain 
equilibrium. The initial metal ion concentration was so adjusted that it did not exceed 
3% of its total ion exchange capacity. The metal ions in the solutions before and after 
equilibrium were determined by EDTA titration [29J. The alkali metal ions [K ,^ Na ,^ 
were determined by flame photometry and some heavy metal ions such as [Pb , 
Cd *, Cu^ *, Cr'^ Hg^ "^ , Ni^ "^ , Mn^ "^ , Zn^^ were determined by atomic absorption 
spectrophotometry (AAS). Distribution coefficients were calculated using the formula 
given as -
m moles of metal ions / gm of exctaango' 
K<j = (ml / g) 
m moles of metal ions / ml of solution 
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Table 2.8 
FTIR and IR Peaks Positions (cm"*) of Polyaniline - Tin (iv) 
tungstoarsenate [Sample (16)'*1 Composite Cation Exchanger 
S. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
Wave numbers (cm'*) 
FTIR Spectra 
PANI: SWA 
Originai form 
(dried at 
50 "O 
509 
612 
824 
964 
1160 
1253 
1305 
1409 
1497 
1579 
1595 
2355 
PANI: SWA 
iT-form 
(dried at 
50 "O 
503 
597 
819 
974 
1155 
1250 
1310 
1393 
1502 
1575 
1600 
2366 
PANIrSWA 
Na*- form 
(dried at 
50 "O 
519 
602 
824 
959 
1150 
1248 
1300 
1388 
1491 
1579 
1595 
2345 
IR Spectra 
PANI:SWA 
ET- form 
(dried at 
100 "O 
436 
576 
806 
1132 
1403 
1522 
1640 
1790 
1902 
2088 
2190 
2251 
2332 
2420 
2529 
2608 
2789 
2870 
2928 
3062 
3186 
3354 
3476 
3602 
3676 
3831 
3882 
3970 
PANIrSWA 
HT- form 
(dried at 
200 °C) 
473 
670 
826 
1155 
1401 
1527 
1609 
2356 
2606 
2750 
3172 
3234 
3342 
3420 
3485 
3586 
3711 
3804 
3878 
3963 
PANIrSWA 
H*-form 
(dried at 
300'O 
467 
672 
830 
1406 
1638 
2330 
2518 
2631 
3150 
3273 
3385 
3490 
3614 
3702 
3747 
3795 
3900 
3978 
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I - F V 
i.e. Kd = X (ml / g) 
F M 
Where, I = initial amount of metal ion in the solution phase, 
F = final amount of metal ion in the solution phase, 
V = volume of the solution (ml), 
M = amount of exchanger (gm). 
2.2.7. ANALYTICAL APPLICATIONS 
2.2.7.L Quantitative Separetion of Metal Ions: 
Quantitative separations of some important metal ions of analytical utility were 
achieved on 'Polyaniline-Tin (IV) tungstoarsenate' [sample (16)al] column. Two grams 
(2gm) of the exchanger (50 - 70 mesh) in FT- form were used for the column 
separations in a glass tube having a height of 35cm and an internal diameter of ~0.6cm. 
The column was washed thoroughly with DMW and the mixture of two metal ions 
having initial of 0.0 IM each, to be separated was loaded on it and allowed to pass 
gently (maintaining a flow rate of 2 - 3 drops per minute) till the level was above the 
surface of the material. After recycling 2 or 3 times to ensure complete adsorption of the 
mixture on colunm bead, the separation was achieved by passing a suitable solvent at a 
flow rate of 1 ml/min through the column as eluant. The metal ions in the effluent were 
determined quantitatively by AAS and EDTA titration. 
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2J. RESULTS AND DISCUSSION 
A number of new and novel Polypyrrole and Polyaniline based 'organic-
inorganic' composite ion exchange materials have been developed by incorporating 
Polypynole and Polyaniline polymers in various inorganic matrixes (Tables 2.1, 2.2, 
2J, 2.4). But, the detail investigations such as synthesis conditions, ion exchange 
properties, characterization, analytical applications etc. have been carried out only on 
Polyaniline- Tin (IV) tungstoarsenate. 
Polyaniline gel was prepared by oxidative coupling using K2S2O8 in acidic 
aqueous medium as given in the following reaction -
4 Ph-NHj'' + 5 S208 '^ > 2-[- Ph- NH- Ph-Nlf-]- + 12 H^ + 10 S04 "^ 
The effect of temperature seems to be very pronounced in its synthesis. Aniline under 
went oxidative coupling only at below 10 °C veiy efficiently, leading to a good quantity 
of Polyaniline in fairly good yield. 
From the data given in Table 2.4, it can be inferred that the formation of 
inorganic precipitate Tin (iv) tungstoarsenate is significantly affected by the pH of the 
mixture. It has found that the most favorable pH of the mixture is ~1.0. The preparation 
of the inorganic precipitate at pH lower or higher than 1.0 leads to decrease in yield and 
lEC of the material. The mixing volume ratio of the mixture is also critical. 
However, Sample-(16)** of Polfaniline-Tin (iv) tungstoarsenate exhibits high 
granulometric and mechanical properties, shows a good reproducible behavior as is 
evident from the fact that Polyanline - Tin (IV) tungstoarsenate obtained in various 
batches does not show any appreciable deviation in its ion exchange properties. In order 
to check tiie reversibility of ion exchange behavior of the material, H -^ absorption and 
HT- liberation capacities have been compared. It has been found that the values are in 
close agreement. The exchange mechanism may be represented as follows -
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RM + HNO3 = RH + MNO3 (Absorption of I f ions) 
RH + MNO3 = RM + HNO3 (Liberation of H*^  ions) 
Exchanger Solution Exchanger Sohition 
phase phase phase phase 
where R repesoits tlie matrix to which the exchangeable ions are attached and M 
represents the monovalent metal ion. Data from Table 2 ^ reveal that ion exchange 
capacity of this composite material for alkali metal ions (except Na^ and alkaline earth 
metal ions increases due to decrease in their hydrated ionic radii. 
The column elution experiments indicate a dependence of the concentration of 
the eluant on the rate of elution as shown in F^ure 2.1, which is a usual behavior for 
such materials. The minimum molar concentration of NaNCh as eluant is IM for the 
maximum release of H*- ions from a 1 (one) gram column of the exchanger. The elution 
is apfveciably fast as only 140 ml of the effluent is sufiRcient for abnost complete 
elution of the H -^ ions from its colunm within Sh. Figure 2J1 shows the elution 
behavior of the exchanger. This material possesses a better Na'*^ -ion exchange capacity 
(1.67 meq./gm'') as compared to simple Tin (IV) tungstoarsenate (1.12 meq./gm') and 
some other similar materials i.e. double salts of tetravalent metals, prepared earlier 
(Table 2.9 and Figure 23). 
The pH - titration curves obtained under equilibrium conditions are shown in 
Figure 2.4 for LiOH / LiCl, NaOH / NaCI and KOH / KCl systems, indicate 
bifimctional behavior of the material. It appears to be a strong cation exchanger as 
indicated by a low pH (~2.5) of the solution wlien no OH " ions were added to the 
system. The rate of exchange is faster for H -^ Na^ exchange than the H -^ K* and H*- Li^  
exchanges. The theoretical EEC for these ions is found to be -3.2 meq./gm. At pH 6.7, 
the material shows the lEC for Na"*^  is 1.55 meq/gm, which is close agreement to our 
experimental value (1.67 meq./gm). 
The solubility e^qseriments show that the material has reasonably good chemical 
stability. As the results indicate that the material is resistant to moderate concentration 
of HNO3, H2SO4 with higher solubility in NH3 and in alkaline media and slightiy higher 
solubility in HCl, citric acid and oxalic acid. The chemical dissolution in DMW, 
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Figure 2.4 pH titration curve for Polyaniline-Tin (iv) tungstoarsenate composite 
cation exchanger in various alkali metal hydroxides. 
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acetone, DMS, n-butanol, formic acid, CH3COOH, CHsCOONa, NH4NO3 is almost 
negligible. It shows its fair chemical stability in these mediums Table 2.10. It may be 
due to the presence of biding polymer, which prevents the dissolution of heteropolyacid 
sah or leaching of any constituent elements into the solution. On heating at different 
temperatures for one hour, the ion exchange capacity of the dried material decreases as 
the temperature increases (Table 2.11) that justify the structural transformation. A 
comparative study of heating effect on Na -^ ion exchange capacity of Polyaniline - Tin 
(iv) tungstoarsenate with other ion exchangers as shown in Figure 2.5, it is apparent 
that exchanger is more thermally stable than others. Therefore, it can be used 
successfully in colimm operation and other chromatographic methods. 
The X-ray powder diffraction pattern of the exchanger in the original form 
[Sample (16)**] clearly indicates the presence of two sharp peaks with d-values 3.31 A° 
and 1.66A° at angles (°20) 26.915" and 55.210° respectively that suggests a 
semicrystalline nature of the material (Figure 2.6 and Table 2.12). 
Thermogravimetric analysis (TGA) curve (Figure 2.7) of the material records a 
continuous weight loss of mass (about 7.0%) up to 198 °C, which may be due to the 
removal of the external water molecules [32]. An inflection point at 75.17 °C may be 
due to the formation of AS2O5 by removal of water molecules from initial composition 
AS2O5. nH20. Slow weight loss between 200 °C and 271 °C may be due to a slow 
decomposition of the material. Further weight loss between 275 °C and 672 °C may be 
due to complete decomposition of the organic part of the material. At 675 °C onwards a 
smooth horizontal section which represents the complete formation of the oxide form of 
the material. TGA analysis of this material is compared with other composite 
exchangers is shown in Table 2.13. These transformations have also been supported by 
differential thermal analysis (DTA) in the Figure 2.7. The DTA curve indicates two 
exothermic peaks with maxima at 84.46 °C and 480.20 "C that confirm the removal of 
external water molecules and structural transformations respectively. 
The FTIR spectrum of the exchanger [Sample (16)'*] in H*-form (Figure 2.8 
and Table 2.8 & 2.14) reveals the presence of external water molecules in addition to 
the -OH groups and metal oxides present internally in the material. In the spectrum two 
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Table 2.12 
X-ray Diffraction Patterns of 
Polyaniline Tin (IV) Tungstoarsenate in the original form 
Peak 
No. 
1. 
2. 
Angle 
C2Q) 
26.915 
55.210 
d - values 
a l 
lA'l 
3.3098 
1.6623 
a2 
3.3181 
1.6665 
Peak 
width 
C2Q) 
0.100 
0.240 
Intensity 
Peak int 
(cps) 
180 
8 
Back int. 
(cps) 
59 
31 
Relative 
int. 
(%) 
100 
4.7 
Significance 
3.09 
0.81 
Wave length a l [A°l = 1.54056 
Wave length a2 [A°l = 1.54439 
Table 2.13 
Details of TGA Curve Analysis of Polyaniline Tin (IV) 
Tungstoarsenate at a Heating Rate of IS °C per Minute 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
Heating 
Temperature 
ec) 
50 
100 
200 
300 
400 
500 
600 
700 
800 
PANI: SWA 
0.00 
3.33 
6.49 
7.80 
L 10.15 
19.31 
25.72 
27.47 
28.46 
Weight Loss (%) 
PANI: SAP 
0.00 
6.82 
17.76 
20.11 
24.08 
34.01 
41.81 
42.03 
42.15 
PANI: ZWP 
0.00 
2.5 
9.0 
12.5 
16.0 
20.0 
23.0 
26.0 
31.0 
PANI: SWA = Polyaniline Tin (iv) tungstoarsenate (As prepared, sample 16'') 
PANI; SAP = Polyaniline Tin (iv) arsenophosphate [ref. no. 26] 
PANI: ZWP = Polyaniline Zirconium (iv) tungstophosphate [ref. no. 31] 
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jqSpAi % 
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Table 2.14 
Details of FTIR Spectra of 
Polyaniline Tin (IV) Tungstoarsenate in the iT- form 
Wave number 
(cm*) 
3500-3150 
2366 
1600 
1502 
1393 
1155 
1270 
1310 
597 
819 
974 
Appearance 
Broad and weak 
Medium 
Medium 
Sharp 
Sharp 
Sharp 
Medium 
Medium 
Sharp 
Sharp 
Medium 
Designation 
Hydroxo stretching vibrations 
[v.(OH)]. 
Deformation vibrations of coordinated 
water [5i(H20) cord.]. 
Deformation vibrations of interstitial 
water [6i(H20) inter.]. 
Bending of N-H bonds. 
Stretching vibration of C-N. 
Superposition of metal-oxygen, 
stretching vibrations [vi(Sn-0, W-O 
and As-0)] and wagging, twisting and 
rocking modes. 
Superposition of metal substituent 
sensitive vibrations in benzene ring 
[v,(Sn-0, W-O and As-0)] and 
wagging, twisting and rocking modes. 
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weak broad bands at around 3500 cm''are found which can be attributed to OH 
stretching frequency. A medium band around 1600 cm' can be attributed to H-OH 
bending band, being also representative of the strongly bonded -OH groups in the 
matrix [33]. The 0-H stretching bands merge together and are shifted to lower 
frequency in the spectrum of the exchanger. This is due to the possibility of H- bonding. 
The sharp peak around 1300 cm"' may re[Mresents the presence of [ASO4I'" group in the 
material. The additional band at about 1400 cm' can be ascribed to stretching vibration 
of C-N [34]. This indicates that the Polyaniline-Tin (iv) tungstoarsenate contains a 
considerable amount of aniline. There is no difference in the t i lK spectra between H -^
form, Na -^form and original form of the Sample (16)"' dried at 50 °C. The IR spectra of 
this material in the H -^form dried up to 300 °C resemble each other with slight 
difference (Figure 2.9). 
Composition studies (Table 2.7) indicate the molar ratio of Sn, W, As, C, H and 
N in the material as 1 . 1:3 : 8.4 : 22.1 : 0.9 which suggests the tentative formula of the 
material is -
H 
[(Sn02) (WOa) (AszOj)., ( - ^ ^ > - N - ) 2 ] .nH20 
Assuming that at 198 °C only the external water molecules are lost, the -7.0% 
weight loss of mass represented by the TGA curve must be due to the loss of nH20 
from the above structure. The value of "n", the external water molecules can be 
calculated using Alberti's equation [35] -
X(M+18n) 
18n = 
100 
where, X is the percent weight loss (-7.0%) in the exchanger on heating up to 198 "C 
and (M + 18n) is the molecular weight of the material. The calculation gives the 
external water molecules (n) per molecule of the Polyaniline-Tin (iv) tungstoarsenate as 
-5 . 
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In order to explore the potentiality of the material in the separation of metal 
ions, distribution studies for 24 metal ions have been performed in seven solvent 
systems. It is apparent from the data given in Table 2.15 that the K<i values vary with 
the composition and nature of the contacting solvents. The result also indicates the order 
of selectivity in the solvent systems studied a quantitative ranking of affinity towards 
various metal ions. 
On the basis of distribution studies the most promising property of the material 
was foimd to be the high selectivity towards Cd (H), which is a major polluting metal in 
the environment. The separation capability of the material has been demonstrated by 
achieving some important binary separations such as Cd^ '^ -Zn^ "^ , Cd^ -^Pb^ "^ , Cd^*-Hg^\ 
Cd^ -^Mg^^ Cd '^^ -Cr'^  Cd^ -^Cu^ "^  and Mg^ *-Ba^ .^ Table 2.16 and Figure 2.10; illustrate 
the salient features of these separations. 
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Chapter 3 
ION-EXCHANGE KINETICS AND 
ELECTRICAL BEHAVIOR OF POLYANILINE 
TEN (IV) TUNGSTOARSENATE : A 
"POLYMERIC-INORGANIC' ELECTRICALLY 
CONDUCTING COMPOSITE CATION 
EXCHANGE MATERIAL 
3.1. INTRODUCTION 
Kinetic studies of H(I) - metal ion exchanges on ion exchange materials are 
important for their economic and industrial applications, since the kinetic studies of a 
reaction help in understanding the mechanism, rate determining step and rate laws 
obeyed by a chemical process. Kinetics of ion exchange emphasizes these aspects in an 
ion exchange process. Energy and entropy of activation are the fundamental properties 
of a system. These parameters help us to understand the mechanism of interactions 
during adsorption/exchange process. It is important to deal with the kinetic behavior of 
the material for the exchange of various metal ions. 
Though many such studies have been reported on organic resins, inorganic ion 
exchangers have found relatively less attention perhaps because of the late revival of the 
interest in these substances. Since these materials are closely related to the natural 
zeolites in their properties, a kinetic model [1] developed for the latter may serve well 
the purpose of understanding the ion exchange properties of the former. Earlier kinetic 
studies made on inorganic ion exchangers [2-14] are based on old Bt Criterion proposed 
by Boyd etoL [15] that should be useful only for an isotopic exchange process in which 
the ions have similar effective diffusion coefficients. In a true ion exchange 
phenomenon, however, the fluxes of at least two different ionic species with different 
mobilities are coupled with one another. Thus, a single diffusion coefficient caimot 
describe the actual process. In such a case, the non-linear Nemst-Planck equations 
[16,17] should be applicable for a particle diffusion-controlled ion exchange with some 
additional assumptions [18-20] and more appropriate for obtaining the values of the 
various kinetic parameters (such as diffusion coefficient Do, energy of activation E, and 
entropy of activation AS*) [21-27] precisely. 
The electronic properties exhibited by solids are crucial in a large number of 
inorganic materials applications. These unique electronic properties result from the 
extended structures by many inorganic materials, where strong interactions between the 
atoms, ions or molecules occur throughout the lattice. In terms of conductivity, behavior 
ranges fi-om insulating through semiconducting to metallic and superconducting. Solid 
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electrolytes, having conductivities of 10"' to 10*^  Scm', are required in several systems 
operating either with high current densities (electrolyzers, batteries, etc.), or at very low 
current levels (gauges, electrochemical memories, coulometers, etc.), in order to avoid 
excessive Joule-heat losses or excessive cell impedance [28]. Furthermore, high 
conductivities are required for materials employed in the preparation of charged 
membranes [29] or in thermoelectric generators [30J. Only a few solid electrolytes are 
presently known to exhibit such a favorable conductance and most of them only at high 
temperature. From the known ion exchange properties of a-type layered compounds 
and particularly since diey exhibit solid-solid ion exchange, it is expected the counter 
ions can move under an applied field [31]. 
Recently, researchers have shown much interest from both fundamental and 
practical viewpoints on the study of electrical conducting behavior of 'polymeric-
inorganic' composites, which are prepared by the incorporation of conducting polymers 
into inorganic exchangers of multivalent metal acid salts. In these aspects, a new and 
novel electrically conducting 'organic-inorganic' composite ion exchange material: 
Polyaniline-Tin (iv) tungstoarsenate has been synthesized. The electrical conductivity of 
this material was measured by using 4-in-line-probe E)C electrical conductivity-
measuring technique. This method is the most satisfactory method as it overcomes 
difficulties, which are encountered in conventional methods of conductivity 
measurement (i.e. two probe). The samples of Polyaniline-Tin tungstoarsenate as 
prepared are treated with HCl solution, showed the electrical conductivity in 
semiconductor region that followed Aniienius equation for its temperature dependence. 
The energies of activation of electrical conduction (Ea) for the composite samples have 
also been calculated from the slopes of the Arrhenius plots. 
3.2. EXPERIMENTAL 
3.2.1. REAGENTS AND CHEMICALS 
• Stannic (FVO chloride, SnCU. SHaO (97.5%) CDH (India) 
• Sodium arsenatc,Na2HAs04.7H20(98.5%) LOBA CHEMIE(India) 
• Sodium tungstate, Na2W04.2H20 (98%) E- MERCK(India) 
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• Aniline, C6H5NH2 (99%) QUALIGENS(India) 
• Potassium persulphate, K2S2O8 (98%) CDH(India) 
All other reagents and chemicals were of analar grade. 
3.2.2. INSTRUMENTATION 
a A water bath incubator shaker having a temperature variation of ±0.5 °C was 
used for all equilibrium studies. 
Q A mortar pastel 
a A micrometer having least count 0.01 mm. 
a A four-in-line probe electrical conductivity measuring instrument - Scientific 
Equipment (Roorkee, India), model: Votneter DMV 001, Oven PID 200 and 
Low current source LCS 01; was used for measuring DC electrical conductivity. 
a A hydraulic pressure instrument was used for making pellets of sample 
materials. 
a An electronic balance (digital) - Sartorius (Japan), model 21 OS. 
3.2J. PREPARATION OF THE REAGENT SOLUTION 
Decimolar solution of sodium arsenate and sodium tungstate were prepared in 
demineralized water (doubly distilled) while decimolar solution of stannic chloride was 
prepared in 4M HCl. Solutions of 10% aniline (doubly distilled) and O.IM potassium 
persulphate were prepared in IM HCl. 
3.2.4. SYNTHESIS OF POLVANILINE TIN (IV) TUNGSTOARSENATE 
A number of samples of "Polyaniline-Tin (iv) tungstoarsenate" have been 
synthesized by the method described in Chapter - 2 (Table 2.4). 
3.2.5. lON-EXCHNGE KINETICS 
The kinetic behavior of the material for the exchanges of various metal ions 
have been studied on Polyaniline-Tin (iv) tungstoarsenate [sample no. (16)"' in Table 
2.4 (chapter-2)] in the iT- form. 
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3 J.S.I. Determination of the Infinite Time of Exchange: 
The infinite time of exchange is considered to be the time, which is necessary to 
obtain equilibrium in an ion exchange process. The ion-exchange rate becomes 
unaffected with time after this time interval as evident from Figure 3.1. About 30 
minutes are required for the equilibrium to establish at 33 °C for Mg^ '^ -H^ exchange. 
Similar behavior is observed for Ca^ -^H", Sr^ -^H ,^ Ba^ -^H ,^ Ni^^-tf, CU^^-FT, Mn^^-ff 
and Zn^ '^ -H^ exchanges. Therefore, 30 minutes have been assumed to be the infinite 
time of exchange for these studies. 
3.2.5.2. Kinetic Measurements: 
The exchanger sample was ground and then sieved to obtain particles of definite 
mesh sizes (25-50, 50-70, 70-100 and 100-125). Out of them the particles of mean radii 
~125|Am (50-70 mesh) were used to evaluate various kinetic parameters. The rate of 
exchange was determined by limited bath technique as follows. 
Twenty milliliter fractions of the 0.02M metal ion solutions (Mg, Ca, Sr, Ba, Ni, 
Cu, Mn and Zn) were shaken wath 200mg of the exchanger in H*-form in several 
stoppered conical fiasks at desired temperatiires [25, 33, 50 and 65(±0.5) °C] for 
different time intervals (0.5, 1.0, 2.0, 3.0 and 4.0 min). The supernatant liquid was 
removed immediately and determinations were made usually by EDTA titrations [32]. 
Each set was repeated four times and the mean values were taken for calculations. 
3.2.S3. Analytical Procedures: 
The results are expressed in terms of the fractional attainment of equilibrium 
U(x) with time according to the equation : 
the amount of exchange at time 't' 
U(T) = (1) 
the amount of exchange at infinite time 
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and the corresponding T values were calculated by solving the Nemst-Plank equation 
[16,17]. The X values for alkaline earth and transition metal ions on Polyaniline-Tin(iv) 
tungsoarsenate are given in Table 3.1 at four different temperatures. 
3.2.6. ELECTRICAL BEHAVIOR 
The measurements of electrical conductivities have been carried out on various 
samples of Polyaniline-Tin (iv) tungstoarsenate in the original (as prepared) and HCl 
treated state. 
3.2.6.1. Doping: 
Doping of Polyaniline-Tin (iv) tungstoarsenate composite ion exchange 
materials was done by treatment with 0.5M aqueous HCl. The materials were washed 
for excess HCl with distilled water repeatedly till the filtrate gave a negative test for 
hydrogen ions. 
3.2.6.2. Sample (pellet) Preparation: 
The materials in the original and HCl doped form were finely ground in a mortar 
pastel and then taken in a die with spatula. The pellets of different sample materials for 
electrical conductivity measurement were made at room temperature with the help of a 
hydraulic pressure instrument at 25 KN pressure for 20 minutes. Thickness of each 
sample was measured by a micrometer at five different points and the average thickness 
was taken as the thickness of the pellet sample. 
3.2.63. Electrical Conductivity Measurements: 
Four-probe electrical conductivity measurements with increasing temperature 
for some representative samples were performed on pressed pellets by using a 4-in-line-
probe DC electrical conductivity-measuring technique. The sample to be tested is 
placed on the base plate of four-probe arrangement and the probes allowed to rest in the 
middle of the sample. A very gentle pressure is applied on the probes and then it was 
tighten in this position so as to avoid piercing of the probes into the samples. The 
arrangement was placed in the oven. The current was passed through the two outer 
probes and the floating potential across the inner pair of probes was measured. The 
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Table 3.1 
(continued) 
T Values for M '^^ -BT Exchanges on Polyaniline Tin (IV) 
Tungstoarsenate Cation Exchanger at Different 
Temperatures after Various Time Intervals. 
Time (min.) 
0.5 
1.0 
2.0 
3.0 
4.0 
0.5 
1.0 
2.0 
3.0 
4.0 
0.5 
l.O 
2.0 
3.0 
4.0 
0.5 
1.0 
2.0 
3.0 
4.0 
25"C 
0.023 
0.044 
0.102 
0.173 
0.213 
0.028 
0.065 
0.116 
0.207 
0.265 
0.016 
0.042 
0 107 
0.143 
0.206 
0.025 
0.051 
0.098 
0.148 
0.196 
T - Values at 
33'C 5(y*C 
N ^ - F T 
0.027 
0.053 
0.115 
0.185 
0.231 
0.056 
0.082 
0.145 
0.213 
0.274 
Mn^^-H* 
0,036 
0.084 
0.144 
0.233 
0.295 
0.046 
O.lll 
0.176 
0.284 
0.366 
Zn^* - r 
0.026 
0.065 
0.113 
0.173 
0.233 
0.038 
0.083 
0.131 
0.198 
0.254 
Cu^" - H" 
0.036 
0.066 
0.139 
0.185 
0.234 
0.037 
0.081 
0.156 
0.205 
0.278 
65"C 
0.059 
0.104 
0.186 
0.273 
0.341 
0.065 
0.132 
0.203 
0.309 
0.387 
0.044 
0.091 
0.166 
0.254 
0.318 
0.043 
0.104 
0.177 
0.244 
0.334 
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Table 3.1 T Values for M^ -^lT Exchanges on Polyaniline Tin (IV) 
Tungstoarsenate Cation Exchanger at Different 
Temperatures after Various Time Intervals. 
Time (min.) 
0.5 
1.0 
2.0 
3.0 
4.0 
0.5 
l.O 
L 2.0 
3.0 
4.0 
0.5 
1.0 
2.0 
3.0 
4.0 
0.5 
1.0 
2.0 
3.0 
4.0 
25«C 
0.025 
0.038 
0.116 
0.167 
0.233 
0.015 
0.044 
0.087 
0.145 
0.196 
0.017 
0.038 
0.079 
0.136 
0.179 
0.023 
0.055 
0.113 
0.154 
0.216 
T - Values at 
33"C S(fC 
Mg^^.ir 
0.028 
0.057 
0.142 
0.200 
0.268 
0.033 
0.075 
0.167 
0.215 
0.293 , 
Ca^^ - BT 
0.022 
0.063 
0.107 
0.166 
0.215 
0,031 
0.073 
0.149 
0.183 
0.234 
Sr^" - r 
0.020 
0.049 
0.099 
0.162 
0.204 
0.026 
0.060 
0.107 
0.176 
0.224 
Ba'^-BT 
0.026 
0.063 
0.133 
0.180 
0.235 
0.033 
0.066 
0.142 
0.195 
0.257 
65"C 
0.036 
0.088 
0.184 
0.291 
0.394 
0,037 
0.075 
0.153 
0.234 
0.297 
0.042 
0.068 
0,144 
0.225 
0.274 
0.045 
0.081 
0.161 
0.257 
0.344 
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oven supply is then switched on, the temperature was allowed to increase gradually with 
current, and voltage was recorded with rise in temperature are given in Table 3.2. 
3.2.6.4. Density Measurements: 
Density of the conducting composite pellets of Polyaniline-based materials was 
determined as weight by volume ratio. Samples of conducting pellets were weighed in a 
digital balance and the thickness of 1.0 cm^ pellets was measured using a micrometer 
having least count of 0.01 mm to calculate the volume. The average values of the 
wei^t and thickness of the pellets of Polyaniline-Tin (iv) tungstoarsenate composites 
are given in Table 33. 
Table 33 Data for determination of density of various 
pellet samples of Polyaniline-Tin (iv) 
tungstoarsenate composites (Table 2.4 in chapter-2). 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
Samples of 
polyaniline-tin (iv) 
tungstoarsenate 
(HCI treated) 
16" 
16' 
16-
16' 
16' 
16« 
16' 
16^  
12 
(polyaniline-
tin(iv) arsenate) 
17 
(polyaniline-
tin(iv) tungstate) 
Polyaniline 
Average 
weight of the 
pellets 
(gn») 
0.503 
0.295 
0.313 
0.307 
0.420 
0.432 
0.400 
0.379 
0.304 
0.301 
0.300 
Average 
thickness of the 
pellets 
(mm) 
1.22 
0.63 
0.87 
0.79 
1.00 
1.01 
0.93 
0.82 
0.79 
0.64 
1.37 
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3.3. RESULTS AND DISCUSSION 
3J.1. KINETIC MEASUREMENTS 
Kinetic measurements have been made under the conditions favoring a particle 
diffusion-controlled ion-exchange phenomenon for the exchange of Mg(U>H(I), Ca(n)-
H(I), Sr(n)-H(I), Ba(n>H(I), Ni(n)-H(I). Mn(n)-Ha), Zn(n)-H(I) and Cuai)-H(I). The 
particle diflfusion-controUed phenomenon is favored by a high metal ion concentration, 
relatively a large particle size of the exchanger and a vigorous shaking of the 
exchanging mixture. A study of the concentration effect on the rate of exchange at 33°C 
shows that the initial rate of exchange is proportional to the metal ion concentration at 
and above 0.03 M, when the rate of exchange is independent of the concentration of the 
metal ion in the solution. It confirms the particle diffusion-controlled phenomenon. 
Below these concentrations the film diffusion is more prominent. Plots of U(T) versus 
time 't' in minutes, for all metal ions (Figure 3.2) indicate that the ftactional attainment 
of equilibrium is faster at a higher temperature suggesting that the mobilit>' of the ions 
increases with an increase in temperature and the uptake decreases with time. 
Though this is a limited bath system, it may be considered to follow the infinite 
solution volume condition [33] because CV»CV, where C and C are the metal ion 
concentrations in the solution and the exchanger phases respectively, V and V being the 
volumes of these phases. The Nemst-Plank equations can be solved with the following 
additional assumptions [34], which are applicable to the inorganic ion-exchangers. 
1. The presence of the co-ions in the exchanger is neglected. 
2. The molarity of the fixed ionogenic groups in the exchanger remains 
unchanged, and 
3. The individual diffusion coefficients remain constant. 
As a result, we obtain a coupled inter diffusion coefficient DAB given by-
DADB(ZA^CA + ZB^CB) 
DAB = - r -—-- ^ ~ - r ~ (2) 
ZA CA DA + ZB CB DB 
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The values of DAB depend upon the relative concentrations of the exchanging species 
(viz. A and B) in the exchanger phase (CA and CB). For CA « CB, the inter diffusion 
coefficient assumes the value of DA, A being the counter ion initially present in the 
exchanger phase. 
On the basis of Nemst-plank equations the numerical results can be expressed 
by explicit approximation [35]: 
U(T) = { 1- exp [7t' (f,(a)T + f2(a)T' + f3(a)T )^]} "^ (3) 
Where x is the half time of exchange = DAI / ro\ a is the mobility rate = DA/ Da, r© is 
the particle radius. DA and DB are the inter diffusion coefficients of counter ions A and 
B respectively in the exchanger phase. The three functions fi(a), f2(a) and iy{a) depend 
upon the mobility ratio (a) and the charge ratio ZA/ZB of the exchanging ions. Thus they 
have different expressions as given below [36]. 
When the exchanger is taken in the H - form and the exchanging ion is M and 
for 1 < a < 20, as in the present case, the three functions have the values -
1 
fi(a) = - (a) 
0.64 + 0.36 a ° ^ 
1 
f2(a) = - : (b) 
0.96 - 2.0 a""^ ^^  
1 
f3(a) = - . (c) 
0.27 + 0.09 a' '* 
Each value of U(T) will have a corresponding value of T which is obtained on solving 
equation (3). 
The plots oft versus time (t) at the four temperatures are shown in Figures 33. 
The results are summarized in Table 3.1. The plots oft versus time (t) are the straight 
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lines passing through the origin, confirm the particle diffiision controlled phenomenon 
for M(n) - H(I) exchanges at a metal ion concentration of 0.03 M. 
The slopes (S) of various t versus time (t) plots for all the metal ions are given 
in Table 3.4. They are related to DH as follows -
S^DH/TO^ (4) 
The values of -log DH obtained by using equation (4) plotted against 1/T are 
straight lines as shown in Figure 3.4, thus verifying the validity of the Arrhenius 
relations. 
DH = Doexp(-E./RT) (5) 
Do is obtained by extrapolating these lines and observing the intercepts at the origin. 
The activation energy (Eg) is the calculated with the help of the equation (5), putting the 
value of DH at 273 °K. The entropy of activation (AS*) was then calculated by 
substituting [37] Do in equation (6). 
Do = 2.72d^ kT / h exp( AS* / R) (6) 
Where d is the ionic jump distance taken as SA", k is the Boltzmann constant and h is 
the Plank's constant, T is taken as 273 °K. The values the diffusion coefficient (Do), 
energy of activation (Ea) and entropy of activation (AS*) thus obtained are summarized 
in Table 3.5. 
The kinetic study reveals that equilibrium is attained faster at a higher 
temperature (Figure 3.2), probably because of a higher diffusion rate of ions through 
the thermally enlarged interstitial positions of the ion exchange matrix. The particle 
diffusion phenomenon is evident from the straight lines passing through the origin for 
the X versus time (t) plots, as shown in Figure 3J. Negative values of entropy of 
activation suggest a greater degree of order achieved during the forward ion-exchange 
[M(n)-H(I)] process. 
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3 J.2. ELECTRICAL CONDUCTIVITY MEASUREMENTS 
Electrical conductivity of the samples of composite pellets was determined from 
the measurement of conductivity of the samples using the four-probe method of 
conductivity measurement for semiconductors. This method is the most satisfactory 
method as it overcomes difficulties, which are encountered in conventional methods of 
conductivity measurement (i.e. two probe), e.g. the rectifying nature of metal-
semiconductor contacts and the injection of minority carriers by one of the current 
carrying contacts, which affects the potential of other contacts and modulate the 
conductance of the material etc. It also permits, measurement of conductivity in samples 
having wide variety of shapes. In order to use the four-probe method it is necessary to 
make the following assumptions: -
> The conductivity of the material is uniform within the area of measurements. If 
there is minority carrier injection into the material to be tested by the cuirent 
carrying electrodes, most of the carriers recombine near the electrodes so that 
their effect on the conductivity is negligible. 
> The surface on which the probe rest is flat with no surface leakage. 
> The four-probe used for conducting measurement must contact the surface at 
points tlrnt lie in a straiglit line. 
> The diameter of the contact between the metallic probes and the material should 
be smaller tlian the distance between the probes. 
> The surfaces of the materials may be either conducting or non-conducting. 
> A conducting boundary is one in which the bottom surface of the material to be 
tested is of much higlier conductivity than tliat of the material itself Tliis could 
be achieved by copper plating on the bottom surface of the semiconductor slice. 
> A non-conducting boundary is produced when the bottom surface of the material 
to be tested is in contact with an insulator such as poly tetrafluoroetliylene in 
these measurements. 
The data so generated for the determination of electrical conductivity of 
Polyaniline based 'Tin (iv) tungstoarsenate' composite samples (at increasing 
temperatures using the four-probe method is given in Table 3.2) were processed for 
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calculation of electrical conductivity using the following equation -
a = G7(W/S)/ao (7) 
Where o is the electrical conductivity in S/cm, G7(W/S) is the correction factor used for 
the case of non-conducting bottom surface and it is a function of W, thickness of the 
sample under test (cm) and S, probe spacing (cm); i.e., 
G7(W/S) = (2S/W)loge2, (8) 
and Oo =I/(Vx27iS); (9) 
where I is the current (A) and V is the voltage (v). 
Controlling the doping process the electrical conductivity of these materials 
could be varied from insulator, through semiconductor to metal range and vice versa. 
The temperature dependence of electrical conductivity of original and HCI doped form 
of Polyaniline-Tin (iv) tungstoarsenate composites were measured by raising 
temperatures. The variations of electrical conductivity of the composites with increase 
in temperatiu-e (between 35 °C to 200 °C) are presented in Table 3.6. On examination, it 
was observed that the electrical conductivity values of the various samples of the 
composites lie between 10"^  -10"^ S/cm. The obtained values were compared with the 
electrical values of Figure IJ2Q (chapter-l), it was observed, that the composite 
electrical conductivity values are well within the semiconductor region. 
To determine the nature of dependence of electrical conductivity on temperature 
plots of log o versus 1/T were drawn (Figure 3.5 to Figure 3.19). In most of the 
samples (mainly those are HCI treated), the initial electrical conductivity is found to 
increase with the rise in the temperature i.e. they follow Arrhenius equationsimilar to 
other semiconductors [38]. It is also observed in some samples (both HCI treated and as 
prepared) that electrical conductivity increased linearly and attained a maximum and 
then dropped sharply. The temperature at which this change occurs has been termed as 
reversal temperature i.e. the temperature at which the nature of the variation of 
conductivity with temperature gets completely reversed. This reversion behavior in 
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conducting composites may be explained on the basis of semiconductor to metal 
transition, glass to ndjbcr transition and phase separatiotL The electrical condtictivity 
varies with the composition of Sn» W, As and polyaniline in the composite samples as 
evident from Table 3.7. The energies of activation of electrical conduction (E )^ for the 
composites have been calculated from the slopes of the Aniienius plots of the samples 
(HCl treated) and Ae relation of density, electrical conductivity and activation energy to 
conduction occur of the samples (HCl treated) of the polyaniline-Tin (iv) 
tunngstoarsenate composite material is shown in Table 3.7. 
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Table 3.<7 Relation of density, electrical conductivity and activation 
energy of various samples of Polyaniline- Tin (iv) 
tungstoarsenate (table 2.4 in chapter-2). 
Samples of 
polyaniline-
tin(iv) 
tungstoarsenate 
(HCI treated) 
\e' 
16' 
16" 
16' 
16' 
16« 
16' 
16^  
12 (polyaniline-
tin(iv) arsenate) 
17(polyaniline-
tin(iv) 
tungstate) 
Polyaniline 
Mixing composition at the 
time of preparation 
(Sn : W: As: S208^: Pani) 
1 : 1 : 1 : 1 : 1 
1 : 1 : 1 : 2 : 1 
1 :1 :1 :1 :2 
1 : 1 : 1 : 2 : 2 
2 : 1 : 1 : 2 : 1 
2 : 1 : 1 : 1 : 1 
1 : 2 : 1 : 1 : 1 
1 : 1 : 2 : 1 : 1 
1 : 0 : 1 : 1 : 1 
1 : 1 : 0 : 1 : 1 
0 : 0 : 0 : 1:1 
Density 
(gm/cm^ 
4.123 
4.683 
3.598 
3.886 
4.200 
4.267 
4.301 
4.622 
3.848 
4.703 
2.190 
Electrical 
conductivity 
at40'C 
oxlO-* 
(Scm*) 
4.74 
7.05 
10.77 
5.12 
31.23 
43.72 
4.77 
8.23 
1.23 
15.75 
10.60 
Activation 
energy 
(eV) 
0.12 
0.11 
0.08 
0.07 
— 
— 
0.10 
0.08 
0.11 
0.07 
0.08 
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SUMMARY 
AND 
CONCLUSION 
An inorganic ion-exchanger based on organic polymeric matrix must be an 
interesting material, as it should posses the mechanical stability due to the presence of 
organic polymeric species and the basic characteristics of an inorganic ion exchanger 
regarding its some selectivity for some specific metal ions. These types of improved 
materials have established a good position in the modem electrical and electronic 
technology as replacement materials. It was therefore considered to synthesize such 
hybrid composite materials with a good ion exchange capacity, high stability, 
reproducibility, selectivity for heavy metal ions and having electrical conducting 
behavior indicating its useful applications in environment and modem engineered 
systems. 
In these connections, some new and novel 'organic- inorganic' composite 
materials as cation exchangers have been synthesized by the incorporation of 
electrically conducting polymers such as Polyaniline and Polypyrrole into the matrices 
of inorganic precipitate exchanger materials. Among the various samples of these 
composites, Polyaniline-Tin (iv) tungstoarsenate and Polypyrrole-Polyantimonic acid 
were selected for further studies due to their appearance, high yield and ion exchange 
capacity, chemical and mechanical stability with good reproducibility as compared to 
others. These two composites were prepared under various conditions such as different 
mixing ratios (v/v) at different pH values and temperatures etc. 
But in this dissertation, Polyaniline-Tin (iv) tungstoarsenate [Sample no. (16)''] 
with a Sn : W : As : C : H : N ratio of 1 : 1 : 3 : 8.4 : 22.1 :0.9, has been chosen for 
detailed studies which was synthesized by mixing the solutions of tin (iv) chloride (0.1 
M), sodium tungstate (0.1 M), sodium arsenate (0.1 M), anline (10%) and potassium per 
sulphate (0.1 M) in the volume ratio of 1:1:1:1:1. In this mixing, the gel of Polyaniline 
was mixed with the precipitate of Tin (iv) tungstoarsenate that was prepared at pH - 1 . 
This sample material was found mechanically stable and dark green in color that 
exhibits slightly higher Na"^ - ion exchange capacity (1.67 meq. dry gm"') than Tin (iv) 
tungstoarsenate (1.55 meq. dry gm') for 1 M NaNOs solution of 250 ml. The EC for 
other cations such as K^ Li^ Mg^^ Ca^ *, Sr^ * and Ba^ ^ on this material have also been 
determined. pH- titrations for LiOH / LiCl, NaOH / NaCl and KOH / KCl systems were 
1S6 
performed on this material indicate bifunctional behavior of the material. It appears to 
be a strong cation exchanger as indicated by a low pH (-2.5) of the solution. The 
theoretical ion exchange capacity in the case of these ions are found to be -3.2 meq/gm. 
This composite material has been characterized by using KllK, TGA-DTA, X-
Ray and AAS techniques. Its composition has been reported on the basis of AAS, 
UVA^S spectrophotometry and elemental analysis. X-Ray diffraction Pattern indicates 
its semi crystalline character. The distribution behavior 24 metal ions have been 
examined that showed the material was selective for Cd^ "^  ions Cadmium is a potential 
pollutant in the environment as it is considered as a highly toxic element and 
responsible for several cases of poisoning through water, food and smoking. When 
excessive amounts of Cd^ "^  are ingested, it replaces Zn^* at key enzymatic sites, causing 
metabolic disorders, kidney damage, renal dysfunction, anemia, hypertension, bone 
marrow disorders, cancer and toxicity to aquatic biota. Since this ion exchange material 
showed high selectivity towards Cd^ "^ , it could be used for the separation of this toxic 
element from the other metals. Its selectivity has been tested by attaining metal ion 
separations from some important synthetic binary mixtures like Cd^ -^Zn^^ Cd^ '^ -Pb^ *, 
Cd^ -^Hg^^ Cd^*-Mg^^ Cd^^ -Cr^ ,^ Cd^ -^Cu^ ^ and Mg^ -^Ba^ * on its column. 
Ion exchange kinetic measurements of this material have been made under the 
conditions favoring a particle diffusion-controlled ion-exchange phenomenon for the 
exchange of Mg(II>H(I). Ca(n>H(I), Sr(n)-H(I), Ba(n>H(I), Ni(n)-H(I), Cu(II)-H(I), 
Mn(n>-H(I) and Zn(n>H(I) at different temperatures (25, 33, 50 and 65 (±0.5) °C) to 
the metal ion concentration of 0.03 M in aqueous medium. It is found that in such a 
case, the non-linear Nemst-Planck equations should be applicable for a particle 
diffusion-controlled ion exchange with some additional assumptions and more 
appropriate for obtaining the values of the various kinetic parameters (diffusion 
coefficient. Do, activation energy, £» and entropy of activation, AS*) precisely. This 
material showed negative values of entropy of activation that suggest a greater degree 
of order achieved during the forward ion-exchange [M(II) - H(I)] process. 
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The various samples of this composite ion exchange material have also been 
further studied taking them as an electrically conducting material. The electrical 
conductivity was measured using 4-probe-in-line DC electrical conductivity measuring 
technique for semiconductors that is more satisfactory than two-probe method. The 
samples so prepared are semiconductors in nature, showing conductivities in the range 
of 10'^  to 10"' Scm'V They follow the Arrhenius-type equation for the dependence of 
electrical conductivity with temperature. The calculated activation energy (from the 
Arrhenius plots) of the samples of the composite material were compared with the band 
gap of semiconductors and the samples show comparable energy requirement for 
conduction to occur. The composites are stable in terms of electrical properties when 
cycled 3-4 times between temperature 35-200 °C. The composites are environmentally 
stable with respect to their physical properties and no visible deterioration could be 
traced in the pellets even afrer 250 days of their preparation. 
Possible Applications; 
> Water softening 
> Separation of toxic and hazardous ionic species 
> Nuclear separations and nuclear medicine 
> Catalysis 
> Electrodialysis 
> Hydrometallurgy 
> EfHuent treatment 
> Ion selective electrodes 
> Chemical sensors 
> Ion memory effect 
> Ion exchange membranes 
> Proton conductors 
> Solid state technology (e.g. solid-state rechargeable polymer batteries, solid state 
electrochomic devices, photovoltaic and photoelectrolysis cells, anti-
electrostatic agents, Schottky barrier-type diodes, field-effect transistors (FET), 
conductive fillers and adhesives, chemical indicators, corrosion inhibitors etc.) 
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Future Research Plan; 
The research woric that has been done in this dissertation will be continuing for 
the development of these materials. Research is going on -
*** to develop some more 'organic-inorganic' composites as ion exchangers and 
electrically conducting materials. 
• to develop ion exchanger membranes and ion selective electrodes by using 
these electroactive composite materials (i.e. hybrid sensors). 
• to more studies of electrical behavior on these materials. 
<* to study about the ion exchange kinetics and adsorption of pesticides 
(adsorption thermodynamics) on these materials. 
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APPENDIX 
APPENDIX - I 
Table La. : FTER Peaks Positions (cm'*) of Polypyrrole-Polyantimonic acid, Sample 
(11)^ (Table 2.2 in chapter-2) Composite Cation Exciianger 
100.0^ 
%T 
2000.0 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Wave Numbers (cm"*) 
1631 
1564 
1402 
1200 
1052 
969 
936 
90 J 
80 J 
70^ 
60.; 
5 0 . 
40 
30 J 
20 n 
iO 
0.0 : 
1 
\ 
\j 
I 
,.'-
\ / 
1 
/ 
/ 
; 
/ 
1 
i 
; ; 
] 
i / 1 / 
i 
1 
\ / 
\J 
A 
\ 
• — — i 
\ / 
. 
1800 1600 1400 
cm-1 
1200 1000 800.0 
Figure La.: FTIR SpectraofPolypyrrole-Polyantimonicadd (asprepared). 
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APPENDIX - n 
The four in line probe electrical conductivity measuring instrument consists of 
four individually spring-loaded probes, coated with zinc at the tips. The probes are 
collinear and equally spaced at a probe spacing of 2 mm. the zinc coating and individual 
spring ensures good electrical contacts with the sample. The probes are mounted in a 
Teflon bush, which ensure good electrical insulation between the probes. A Teflon 
spacer near the tips is also provided to keep the probes at equal distance. The whole 
arrangement is mounted on a suitable stand and leads are provided for current, voltage 
and temperature measurement. Along with the probe arrangement, the following three 
devices are also provided. 
VOLTMETER: A digital micro-voltmeter with the following specifications -
Range 
Resolution 
Accuracy 
Impedence 
Display 
Overload 
Indicator 
Imv, lOmv, lOOmv, Ivand lOv 
Iv 
± 0.25% of reading ±1 digit 
>10 MQ on lOv range 
3.5 digit, 7 segment, LED (12.5 mm height) with auto 
polarity and decimal indication. 
Sign of 1 on the left and blanking of other digits 
LOW CURRENT INDICATOR: A battery operated low current source with the 
following specifications -
0-100 ^A and 0-1 mA 
± 0.25% of reading ±1 digit 
Current ranges 
Accuracy 
Open circuit 
voltage 
Display 
Power 
15v minimum 
3.5 digit LED display 
3 X 9v battery 
OVEN: A small PID controlled oven for the variation of temperature of the material 
from room temperature to about 200 °C with the following specifications -
Temperature range 
Resolution 
Short range stability 
Long range stability 
Measurement 
Accuracy 
Sensor 
Display 
Power 
Ambient to 200 "C 
o.rc 
±0.2 °C 
±0.5 °C 
±0.5 °C 
RTD (A class) 
3.5 digit, 7 segment, LED with auto polarity 
and decimal Indication 
150w 
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Figure I L c . : MODEL FOR THE FOUR PROBE RESISTIVITY 
MEASUREMENTS 
1 0 0 - 0 
7 0 0 
50-0 
^ 0 0 
30-0 
2 0 - 0 
G7(W/S) 
1 0-0 
7-0 
5-0 
i.0 
3-0 
2-0 
1-0 
1 ' i ' 1 ' 1 
00 u }
ANON-CONDUCTIN< 
(.BOUNDARY 
J. 
T 
0-1 0-2 0-3 0-4.0-5 0-7 1 0 
W/S 
3 4 5 7 ,10-0 
Figure I I . d . : CORRECTION DIVISOR FOR PROBES ON A THIN 
SLICE WITH A NONCONDUCTING BOTTOM SURFACE 
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Ion exchange kinetics on styrene supported zirconium (IV) tungstophosphate: 
An organic-inorganic type cation exchanger 
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Aligarh Muslim University, Aligarh 202 002, India 
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Kinetics of exchange reaction of Mg"*, Ca'*, Sr^ *, pa^*, Cu^', Mn^*, Ni"* and Zn'* on styrene supponed zirconium (IV) 
tungstophosphate cation exchanger has been studied at 25.33, 50 and 65°C. The rale of exchange is found to be particle dif 
fusion controlled at a metal ion concentration > 0.02M in aqueous medium. Various kinetic parameters such as self diffusion 
coefficient. Do. energy of activation. E^. and entropy of activation, A5*, have been calculated. 
Styrene supported zirconium (IV) tungstophosphate 
(SZWP) a new organic-inorganic type ion exchange 
material has been synthesized', sliowing excellent ion 
exchange properties. The kinetics of the surface phe-
nomenon occurring on these materials is also of great 
importance in understanding the mechanism of ion-
exchange process. Although a large number of kinetic 
studies on such materials have been reported^', earlier 
approaches were based on the Bl criterion^, which is 
applicable only for an isotopic exchange process. In a 
true ion exchange process where the fluxes of two 
different ionic species are coupled with one another'. 
A single diffusion coefficient can not describe the 
actual process. A new approach based on the Nernst 
Planck equations'°"'\ which take into account the ex-
change of ions having different mobility to determine 
the various physical parameters is therefore applied. 
The physical parameters such as self diffusion coeffi-
cient, energy and entropy of activation play a vital 
role in understanding the reaction occurring in a sys-
tem. The results of these parameters are summarized 
in the following pages. 
Experimental Procedure 
Reagents and chemicals 
Zirconyl chloride (ZrOCh-SHjO) and sodium tung-
state (Na2W04.2H20) were obtained from Loba-
chemie (India). Orthophosphoric acid (H3PO4) was 
obtained from CDH product (India) while styrene was 
GSC product. All other reagents and chemicals were 
of Analar grade. 
One molar stock solutions of zirconyl chloride, so-
dium tungstate and orthophosphoric acid were pre-
pared in demineralized water (DMW). Further dilu-
tions to the desired concentrations were also made 
with DMW. 10% styrene solution was prepared in 
ethyl alcohol. The ion exchange material was synthe-
sized as reported earlier'. 
Kinetic measurements 
The rate of exchange were measured by limited 
bath technique'^ on exchanger particles of mean ra-
dius (ro)~125 mm (50-70 mesh size). Twenty mL 
fractions of the 0.02M metal ion solution (Mg* ,^ Ca*", 
Sr*\ Ba'-, Ni*^ Cu^^ Zn*' and U\\^) were shaken 
with 200 mg of the exchanger in H"^  form in several 
stoppered conical flasks at the desired temperatures 
[25, 33, 50 and 65 (±0.5)°C] for different time inter-
vals (0.5, I.O, 2.0, 3.0 and 4.0 min). Supernatant liq-
uid was immediately removed and determinations 
were done by EDTA titrations'''. 
Results and Discussion 
Kinetic studies illustrate that the ion exchange pro-
cess of SZWP is controlled by particle diffusion at 
and above a metal ion concentration of 0.02M. Below 
this concentration, film diffusion is more prominent 
Under the conditions of a particle diffusion control, a 
relatively large particle size of the exchanger and vig-
orous shaking the fractional attainment of equilibrium 
may be given as 
•For correspondence ( E-mail: mezbah@rediffmail com 
Fax:0091-0571-701260) 
U{Z) = the total amount of exchange at time "t" 
the amount of exchange at infinite time 
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Plots of U(T) versus i(min) (Fig. I) for all metal 
ions indicate that the fractional attainment of equilib-
rium is faster at a higher temperature suggesting that 
the mobility of the ions increases with an increase in 
temperature. Each value of U(T) has a corresponding 
value of T (dimensionless time parameter) obtained 
on solving Nemst-Planck equations 
U(T)={ \ -cxpl 7^(f,(a)T+f2(a)T^+fj(a)T')]}''"' 
where 
T = T-
(1) 
(2) 
and the mobility ratio a= D^/Dy^, ro= particle radius 
and DM is the inter diffusion coefficient of the metal 
ion. 
The plots of T versus Time (t) (Fig. 2) at the four 
different temperatures, are the straight lines passing 
through the origin, confirming the particle diffusion 
controlled phenomenon for M(II)-H(I) exchanges at a 
metal ion concentration of 0.02M. The slopes (5 val-
ues) of various r versus time (t) plots for all metal 
ions are given in Table 1, which are related with D„ 
as 
5 = D^/ro' (3) 
The values of -log Du obtained by using the above 
equation give straight lines when plotted against 1/7 
(Fig. 3), verifying the validity of the Arrhenius equa-
tion 
D„= Doexp(-Ea/RT) ...(4) 
Do is obtained by extrapolating these lines and ob-
serving the intercepts at the origin. The activation en-
ergy, £a is then calculated from Eq. (4) putting the 
value of the DH corresponding to the T value as 273 
K in the graph. The entropy of activation, AS* was 
then calculated by substituting Do in the equation 
Do=2.72d'kTlhexpAS*R (5) 
where d is the ionic jump distance taken as 5 A, it is 
the Boltzmann constant and h is Planck's constant, T 
is taken as 273 K. The values of diffusion coefficient. 
Do, energy of activation, £, and entropy of activation, 
AS*, obtained are summarized in Table 2. Negative 
values of entropy of activation suggest a greater de-
gree of order achieved during the metal (Il)-H(l) ex-
change process. 
This study also indicates that the value of £. and 
AS* have linear relations with ionic radii, hydrated 
radii and ionic mobilities for alkaline earth metals 
(Fig. 4). But in case of the transition metal ions stud-
ied this behaviour is not observed. Rather, they show 
an irregular variation. It may be due to a more distinci 
variation in the ionic radii in alkaline earth metals 
than in transition metals selected for this study. 
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KUAN CI ai: ION EXCHANGE KINETICS ON STYRENE SUPPORTED ZIRCONIUM(IV) TUNGSTOPHOSPHATE 
Table 1 Slopes, S. of ihe various T versus / plots ai different 
temperatures on styrcne supported irconlum (IV) tungstophos-
phate (SZWP) 
Metal ion 5xlO'*(s') values at 
exchange 25'C 3 3 ^ SO'C 65°C 
with H(I) 
Mg(Il) 11.33 
Ca(II) 9.33 
Sr(II) 8.67 
Ba(II) 10.67 
Cu(II) 11.33 
Ni(II) 10.33 
Mn(II) 12.00 
Zn(ll) 10.00 
13.33 
10.67 
10.00 
13.33 
13.67 
11.67 
14.00 
12.00 
15.33 
12.00 
11.33 
15.33 
16.00 
13.33 
16.00 
13.33 
19.33 
14.33 
13.33 
18.00 
17.67 
15.33 
18.67 
16.67 
Table 2—Values of Do, E, and AS* 
Metal ion 
exchanj 
Mg(Il) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Cu(Il) 
Ni(II) 
Mn(II) 
Zn(II) 
!e wiih H(I) 
Ionic mobility 
(m'v'sec') 
55x10'' 
62x10' 
62x10' 
66x10' 
57x10' 
52x10' 
55x10' 
56x10' 
for some metal ions on 
Ionic radii 
(nni) 
7.8x10-
10.6x10-
12.7x10-
14.3x10'^ 
7.0x10 = 
7.8x10"= 
9.1x10 = 
8.3x10 = 
styrene supported ziroconium 
Do 
(m=s') 
4.47x10'° 
4.62x10"' 
7.04x10'° 
1.06x10' 
7.08x10"' 
S.SOxlO"" 
5.37x10'° 
1.26x10' 
(IVl lung 
F-. 
(kJmol') 
7.59 
9 02 
9.79 
10.19 
9.54 
8.^ 9 
8.6.5 
11.63 
siophosphate (SZWP) 
AS* 
(J K'mol ') 
-75.39 
-73.48 
-71.61 
-68.21 
-71.57 
-76.74 
-73.86 
-66.78 
Fig. 1—Plots of U(t) vs t (Time) for different metal (n)rH(I) exchanges at different temperatures on siyrene supported zirconium (IV) 
tungstophosphate cation exchanger (A) 25°C, (A) 33°C, (o) 65^C 
Fig. 2—Plots of T vs t for different metal (II)-H(I) exchanges at different temperatures on styrene supp^med zirconium (IV) tungstophos-
phate cation exchanger (A) 25°C, (A) 35°C, (o)50°C, (•) 65°C 
Fig. 3—Plots of-log DH vs l/T(K) for (a) Mg^*-o; Ba=*-»; Ca=*-A; Sr^*-A; and (b) Mn=*-X, Ni=*-©. CU=*-B; Zn=*-*on styrene sup-
ported zirconium(IV) tungstophosphate 
Fig. 4—Variation of Ea and AS* with ionic radii, hydrated ionic radii and ionic mobilities of alkaline earth metals (Mg2-t-«- ca=*-*; Sr=*-
A;Ba=*-«)onSZWP 
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